This review summarizes what is known about the influence of water temperature and velocity on the migration and spawning success of an inland population of Chinook salmon Oncorhynchus tshawytscha. Models are then developed and used to illustrate how migration and spawning success might change if temperatures and velocities increase under a future climate. The illustration shows the potential for moderate increases in temperature and velocity to reduce homing and increase energy expenditure. Those two outcomes would reduce the abundance, productivity, and diversity of the population studied. Under the future scenario illustrated, it would become difficult for fish management actions alone to recover conservation-reliant populations of inland Chinook salmon.
Introduction
Self-sustaining native populations of Chinook salmon Oncorhynchus tshawytscha once existed from southern California to northern Alaska, and from northern Japan to northern Russia (Scott and Crossman, 1973) . Human development of river systems eliminated access to many historical production areas, and altered the seasonal and spatial patterns of velocities and temperatures of presently occupied habitat. Such changes contributed to a decline in the abundance and spatial distribution of many Chinook salmon populations (e.g., Nehlsen et al., 1991) . Nine Evolutionarily Significant Units of Chinook salmon in the Pacific Northwest United States were listed under the United States Endangered Species Act (NOAA, 2017) . Those Evolutionarily Significant Units essentially have become "conservation reliant" in that their persistence relies heavily on human intervention (terminology attributed to Dr. J.M. Scott, retired U.S. Geological Survey Cooperative Fish and Wildlife Research Unit, University of Idaho).
Adult Chinook salmon from inland populations are highly susceptible to the effects of human development because upon freshwater return they have a lengthy migration and a narrow window of time to reach the spawning grounds and spawn. Being semelparous, the adults do not feed in freshwater, and have a fixed amount of stored somatic energy to swim to their natal waters and spawn before dying. The rate of energy expenditure as the fish complete their final life stage is directly dependent on swimming speed (fish speed plus water velocity) and temperature (e.g., Geist et al., 2000a) . Chinook salmon generally behave and function normally at water temperatures less than 20 C (Brett, 1952) , but there are disruptions in behavior and physiological functions as temperature rises above 20 C to the point of death between %25 and 28 C (Brett et al., 1982; Stuehrenberg et al., 1978; Marine and Cech, 2004; Richter and Kolmes, 2005; Yanke, 2006; Geist et al., 2010; Perry et al., 2015) .
In addition to the habitat changes caused in the past by humans, adult Chinook salmon will be challenged with any alterations to river flow and temperature affected by future climate conditions. Bilby et al. (2007) wrote a review on future climates with emphasis on fish and wildlife resources of the Columbia River basin within the Pacific Northwest United States. Most of the 20 modeled climate scenarios reviewed by Bilby et al. (2007) predicted an increase in annual precipitation that was partitioned into increases in precipitation in the winter, a general shift in winter precipitation from snow to rain, and a decrease in precipitation during the summer. The lowest level of change in predicted annual precipitation was -2%, the average was C6%, and the highest was C18%. All of the models reviewed predicted an increase in annual average air temperature within a range of C1.6 C to C4.9 C. Future increases in precipitation and air temperature during the migration and spawning of inland populations of Chinook salmon could increase the water velocity and temperature exposures of the fish and affect changes in behavior, energy use, and survival.
The goal of this review is to "illustrate" how fish behavior, temperature, and velocity under a future climate might influence the migration and spawning success of inland populations of Chinook salmon in highly developed river systems. "Illustrate" is defined here as "to explain logically by use of (a) the literature, (b) empirical data that were collected under the technical and logistical constraints common to all large river studies, and (c) models that provide empirically-based, biologically intuitive results that come with error that is likely large." After a general background on the fish and river system is presented, five topics are covered each in a separate section: Migration Timing, Behavior, and Success; Spawning Behavior, Timing, and Success; Illustrating the Effects of Velocity and Temperature on Migration and Spawning Success Measured through Spawning Site Selection and the Initiation of Redd Construction; Illustrating the Effect of Temperature on Embryo Loss; and Illustrating the Effects of a Future Climate on Migration and Spawning Success. The review is concluded with a discussion of what the review illustrated and at its relevance to research and management.
The fish and the river system
The fish Chinook salmon in the Columbia River basin are divided into management units as spring, summer, and fall runs based on the timing of upstream passage at dams. Fall Chinook salmon are further divided into tules and upriver brights. Tule fall Chinook are native to the lower Columbia River and its tributaries. Upon freshwater entry, tules exhibit advanced maturation and the quality of their flesh degrades rapidly, turning almost white. Upriver brights, so named for their silvery skin color, mature 1-3 months after freshwater entry, and migrate further upriver. Today, the largest population of upriver bright fall Chinook salmon referenced periodically in this review is found in the Hanford Reach of the Columbia River (Figure 1 ; Huntington et al., 1996) . This review focuses on upriver bright fall Chinook salmon population from the Snake River basin (Figure 1 ). Figure 1 . The river system including the lower, middle, and upper stretches where the studies reviewed were conducted and the new data analyzed were collected. The spawning areas located within the Lower Snake and Clearwater sub-water sheds covered in Table 2 are also shown.
Fish origin is dependent on the spawning location. Natural-origin fish are the offspring of parents that spawned in the wild, whereas hatchery-origin fish are the offspring of parents spawned in captivity. Fish of both origins spend from a few months to 4 years, and sometimes but rarely 5 years, maturing in the Pacific Ocean (Connor et al., 2005) . The number of years between fry emergence in freshwater and return to the estuary after maturation in saltwater is referred to here as "apparent ocean age" (hereafter Age-I, Age-II, Age-III, Age-IV, and Age-V). Females have apparent ocean-age distributions composed of higher proportions of older fish compared to males regardless of origin primarily because Age-I females are rare, and it is common for the proportion of Age-III females in the run to be large. Natural-origin fish (both sexes combined) have apparent ocean-age distributions composed of higher proportions of older fish compared to hatchery-origin fish primarily because Age-I hatchery males can be numerically abundant. This review focuses largely on fish that are apparent Age-II or older that are classified as "adults." Emphasis is placed on females because they return almost exclusively as adults, and they construct countable spawning nests (hereafter, redds) that provide an indicator of geographic distribution and abundance. Connor et al. (2016) estimated that the Snake River basin once supported a minimum of % 408,500 to 536,200 wild fall Chinook salmon adults (i.e., no hatchery influence), but by 1990 only a portion of the historical habitat remained free-flowing and accessible. Presently, every natural-origin fish produced in the wild has some level of hatchery parentage. In 1990, only 78 natural-origin adults were estimated to have arrived at Lower Granite Dam (Figure 1 ) that had the potential to spawn in riverine habitat upstream of the dam (Cooney, 1991) . The Snake River fall Chinook salmon Evolutionarily Significant Unit, composed of a single population (hereafter, the population), was listed as threatened under the U.S. Endangered Species Act in 1992 (NMFS, 1992) . The population is strongly conservation-reliant as its persistence is dependent on protective harvest regulations, a hatchery program, and the adaptive management of dams and reservoirs.
Newcomers to the Columbia River basin began to overharvest Chinook salmon both in saltwater and freshwater in the late 1800s (e.g., USCFF, 1894) . Of the fish that entered the Columbia River, up to 88% were harvested (Chapman, 1986) . Freshwater harvest rates fluctuated at levels below 88% as the population declined up until listing under the U.S. Endangered Species Act (NOAA, 2014) . Since listing, a harvest schedule has been implemented to protect the fish. Tribal members have treaty rights (i.e., the Nez Perce, Umatilla, Warm Springs, and Yakima Treaties of 1855) to harvest Chinook salmon throughout the Columbia River basin. The rightful treaty harvest of fall Chinook salmon is predominantly focused between Bonneville and McNary dams ( Figure 1 ). Scheduled treaty harvest increases from 20% to 30% of the run depending on the estimated abundance of the fish entering the mouth of the Columbia River (TAC, 2008) . There is additional non-treaty harvest that cannot exceed a rate of 15%, a significant portion of which takes place downstream of Bonneville Dam (TAC, 2008) .
A hatchery program was initiated in 1975 after the threat of extinction had been fully recognized. The program started as a genetic conservation effort that included the construction and operation of Lyons Ferry Hatchery ( Figure 1 ) in concert with a network of existing hatcheries (e.g., Bugert et al., 1995) . The contemporary hatchery program releases a portion of the juveniles produced into riverine spawning areas with the intent of increasing the number of adults that return, spawn in the wild, and produce natural-origin juveniles. Over the past 10 years the number of adult spawners estimated to have passed Lower Granite Dam has been as high as %53,000 (see Young et al., 2012 for methods). During those years, the majority of the spawners have been first generation, hatchery-origin fish (mean 68%; Ford et al., 2015) .
Dam construction in the Pacific Northwest United States was the primary form of development that eliminated habitat connectivity, and completely altered the hydrology of the Columbia and Snake rivers. Numerous modifications have been made to reservoir operations and fish passage structures at dams in an effort to reverse the declines of anadromous fish populations. The modifications that involve adult passage and temperature management are addressed to various extents later in this review. The states of Oregon and Washington established a maximum water temperature standard of 20 C for the Columbia and Lower Snake rivers to protect salmonids pursuant to the U.S. Clean Water Act (Washington Administrative Code 2011; Oregon Administrative Rule 2011). Similarly, the state of Idaho established a maximum temperature limit of 13 C in Hells Canyon to protect Snake River fall Chinook salmon during spawning (Idaho Administrative Procedures Act 2014).
To describe the spatial and temporal aspects of the velocity and thermal exposure of the fish as they swim upstream, the study area was demarcated into lower, middle, and upper stretches (Figure 1 ). The upper stretch was further divided into the Lower Snake and Clearwater River sub-watersheds (Figure 1 ). Before the fish enter the lower stretch of the study area, they are subjected to environmental conditions, non-treaty harvest, and predation over a distance of roughly 235 km between the Columbia River estuary and the tailrace of Bonneville Dam (Figure 1 ). The energy used by the fish to swim from the estuary to Bonneville Dam is accounted for in subsequent analyses of migration and spawning success, whereas fish loss between those two points is not evaluated. Hereafter, the study area is referred to as "the river system."
The lower stretch of the river system
Returning adult salmon first enter the lower stretch of the river system when they arrive in the tailrace of Bonneville Dam (Figure 1 ). The lower stretch of the river system is impounded and extends from the tailrace of Bonneville Dam upstream along the Columbia River to the Lower Snake River mouth. The fish pass through four dam tailraces (measured to the upstream ladder exit) and reservoirs before arriving at the Lower Snake River mouth. The tailrace-to-dam distances are much shorter compared to the reservoir distances (Bonneville, The Dalles, John Day, and McNary in Table 1 ; Lower stretch in Figures 1 and 2) .
The fish are counted in both of the ladders (one on each side of the river) at each of the four lower Columbia River dams and are assigned to a run. The run schedules for fall Chinook salmon range from 01-Aug-15-Aug at Bonneville Dam to 09-Aug-31-Oct at McNary Dam (CBR, 2017) . Longitudinal temperature and flow patterns do not vary substantially throughout the lower stretch of the river system over the 01-Aug-31-Oct date span of the fall Chinook salmon run schedules. As such, the run schedule at every dam in the lower stretch overlaps with the warmest, low-flow days of summer (Figures 3 and 4) . The tailrace velocities at the four dams along the lower stretch of the river system are hydraulically complex and dynamic as the velocities vary considerably across the channel depending on how the flow is Rakowski et al. (2010), b Measured from aerial plots.
1
When there were two ladders distances of unequal length at a dam, the mean distance was used.
2
Information on the ladders at Bonneville Dam was not found, thus the mean ladder length at The Dalles Dam was used after adjusting for differences in dam height.
Figure 2. Net distances fall Chinook salmon adults must travel to complete tailrace-to-dam and reservoir passage events in the lower and middle stretches of the river system, and to the most consistently and heavily used spawning sites within the spawning areas located within the upper stretch. proportioned between and among the powerhouse and spillways (see Rakowski et al., 2010) . In this review, tailrace velocities (as well as reservoir velocities) are illustrated simply as mean cross-sectional velocities that were coarsely simulated as described in Table A1 . Mean cross-sectional tailrace velocities in the dam tailraces along the lower stretch of the river system decline throughout the fall Chinook salmon run schedule ( Figure 5 ).
Reservoir velocities in the lower stretch of the river system are far less hydraulically complex and dynamic compared to tailrace velocities, and they are affected primarily by flow volume, channel width, and channel depth. Wind and thermal gradients can also influence anomalies in reservoir velocities (Cook et al., 2006) . Mean cross-sectional reservoir velocities in the lower stretch decline over the period fall Chinook salmon are passing upstream and are much slower compared to tailrace velocities ( Figure 5 ).
The middle stretch of the river system
After exiting the lower stretch, fall Chinook salmon destined for the Snake River basin spawning grounds enter the middle stretch of the river system that is also impounded. The middle stretch extends from the mouth of the Lower Snake River to the upper ends of the south and east arms of Lower Granite Reservoir formed within the Lower Snake and Clearwater rivers, respectively (Figure 1 ). Fall Chinook salmon encounter four dams along the middle stretch each of which is equipped with one or two fish ladders in which fish are counted. The run schedules for fall Chinook salmon at the four Lower Snake River dams range from 12-Aug-15-Dec at Ice Harbor Dam to 18-Aug-15-Dec at Lower Granite Dam (CBR, 2017) .
Unlike the lower stretch of the river system, the temperature regime in the middle stretch can be modified by releasing stored, cold water from Dworshak Reservoir formed by Dworshak Dam on the North Fork Clearwater River (Figure 1 ). Dworshak Dam (Figure 1 ) is equipped with multi-level selector gates that are operated to control outflow temperatures (USACE, 1986) . Dworshak Reservoir releases are used to meet a temperature standard of 20 C and a flow standard of 50 to 55 thousand cubic feet per second (KCFS), measured in the tailraces of the Lower Snake River dams from 21-Jun to 31-Aug (NMFS, 1995) . The primary intent was initially to enhance migratory conditions for juvenile fall Chinook salmon, but the standards are in effect during the early portion of the adult fall Chinook salmon run schedule. The Snake River Basin Water Rights Adjudication among the Nez Perce Tribe, the State of Idaho, and the U.S. Government, mandated that a portion of the stored water in Dworshak Reservoir be put under the jurisdiction of the Tribe. Since 2002, the Tribe has used that adjudicated water to cool temperatures in the middle stretch of the river system through about 20-Sep depending on year. Cook et al. (2006 Cook et al. ( , 2007 used 2-and 3-dimensional temperature modeling to describe the thermal environment along the middle stretch of the river system. The most thermally diverse area is located near the confluence where relatively warm water from the Lower Snake River sub-watershed meets the relatively cold water from the Clearwater River sub-watershed. As the water moves downstream from the confluence it stratifies in Lower Granite Reservoir. On average at Lower Granite Dam, water temperatures 1.5 m below the surface were 5 C warmer than water temperatures 20-40 m below the surface. Cook et al. (2006) called that difference between the two depth-specific means "stratification intensity." Stratification intensity diminished as thermally heterogeneous water mixed as it passed downstream through each Lower Snake River reservoir and dam. Mean stratification intensity was 2.5 C in the forebay of Little Goose Dam, 2.1 C in the forebay of Lower Monumental Dam, and 1.8 C in the forebay of Ice Harbor Dam.
Acknowledging the complex thermal environment in Lower Granite Reservoir, but noting that the flow pattern does not vary considerably from Lower Granite Reservoir to Ice Harbor Dam tailrace, temperature and flow measured in the tailrace of Ice Harbor Dam are used here to illustrate the temperature and flow regimes of the middle stretch of the river system. Even when cool water is released from Dworshak Reservoir, the date span of the fall Chinook salmon run schedules in the middle stretch (12-Aug-15-Dec) Figure 4 . Inter-annual daily mean flow (KCFS) measured in the lower and middle stretches of the river system in the tailraces of McNary and Ice Harbor dams, respectively, 2010 (CBR, 2017 .
includes the warmest, low-flow days of summer (Figures 
The upper stretch of the river system
The upper stretch of the river system is partly regulated by dams, but it is composed entirely of riverine habitat (Figure 1 ). Fall Chinook salmon arrive in the upper stretch of the river system and enter the spawning areas as early as August, but most enter starting in September (e.g., Connor and Garcia, 2006) . Fall Chinook salmon redds are counted in the Lower Snake and Clearwater sub-watersheds to monitor the status and trends in the spatial distribution of the population (see Groves and Chandler, 1999; Groves et al., 2013 Groves et al., , 2016 . Those data were used here to identify and rank the reaches of rivers that support spawning (hereafter, spawning areas) according to production potential. Spawning areas that could support at least 500 females based on observed redd counts (assuming each female constructed only one redd; e.g., Connor et al., 2001; Groves et al., 2013) were classified as primary production areas. Spawning areas that could support at least 200 females were classified as secondary production areas. If the annual redd counts were above 0 but less than 200 with no consecutive lapses in occupancy during years when redd surveys were conducted, a spawning area was classified as a tertiary spawning area.
The primary spawning areas in the Lower Snake subwatershed include the Upper and Lower Hells Canyon spawning areas (Table 2; Figure 1 ). Within the Lower Snake sub-watershed, the Grande Ronde lower reach is a secondary spawning area, and the Imnaha and Salmon lower reaches are tertiary spawning areas (Table 2 ; Figure 1 ). The Clearwater lower reach is the primary spawning area in the Clearwater sub-watershed (Table 2 ; Figure 1 ). There are four tertiary spawning areas in the Clearwater sub-watershed including the Clearwater upper reach, South Fork Clearwater lower reach, contiguous Middle Fork Clearwater, and Selway lower reach (Table 2; Figure 1 ).
After entering the upper stretch of the river system, the fish have to traverse considerable net channel distances to spawning sites (Figure 2 ). For example, fish destined to spawn at the most frequently used sites in the Lower Snake sub-watershed travel net distances of Figure 5 . Inter-annual daily mean simulated velocities (cm/s) for the dam tailraces and reservoirs in the lower stretch of the river system (see Eqs. 3 and 4 in Table A1 ), for the dam tailraces and reservoirs in the middle stretch of the river system (see Eqs. 9 and 10A-10O in Table A1 ), and for the Upper and Lower Hells Canyon spawning areas (distance weighted 1-D modeling; Borden and Manning, 2011). Table 2 . Snake River basin fall Chinook salmon spawning areas located upstream of Lower Granite Dam. Accessible channel length is given in kms. Channel length (kms) was determined from river charts or redd locations documented by the authors except for the Lower Snake upper and lower reaches that are from Dauble et al. (2003) Presented as one reach for simplicity, but can also be divided into two reaches using the Grande Ronde River as the dividing point.
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.8 km to 100.7 km. Fish destined to spawn in the most frequently used sites in Clearwater sub-watershed travel net distances of 29.4 km to 151.1 km. Exposure of adults to warm water is not a phenomenon restricted to the lower and middle stretches of the river system (Figure 3 ). Every fish destined for spawning areas in the Lower Snake sub-watershed has to enter the Lower Hells Canyon spawning area (Figure 1 ). Of the spawning areas, the Lower Hells Canyon spawning is the second warmest from 01-Sep through 13-Dec when fall Chinook salmon are making pre-spawning movements and spawning in the upper stretch of the river system (Figure 3 C after 01-Sep are sometimes observed in the Clearwater upper reach. For example in 2013, daily mean temperature exceeded that standard 17 times. Fish destined to spawn in the South Fork Clearwater lower reach, the Middle Fork Clearwater, and the Selway lower reach must pass through the Clearwater upper reach and can be exposed to temperatures above 20 C while doing so. Once the fish enter those three spawning areas they are rarely exposed to temperatures above 20 C (Figure 3 ). Fish from the population spawn in the fall with some temporal variation between sub-watersheds and among spawning areas ( Figure 6 ). Spawn timing and temperature of a given spawning area affect the amount of time the embryos spend developing in the gravel. After fertilization and egg deposition, the embryos develop in the gravel from five to nine months before absorbing their yolk sac and emerging as fry (Connor et al., 2002 .
Flow is important to consider in the upper stretch of the river system because large decreases in flow can dewater redds (e.g., Harnish et al., 2014) . Redd dewatering can kill developing embryos. Flow in the Upper and Lower Hells Canyon spawning areas, and in the Clearwater lower reach, is regulated by Hells Canyon (Figure 1 ) and Dworshak dams, respectively. Minimum stable flows from Hells Canyon Dam were established in 1991 to prevent redd dewatering in the Upper Hells Canyon spawning area. That practice also minimized the potential for redd dewatering in the Lower Hells Canyon spawning area that receives unregulated inflow from the Imnaha, Salmon, and Grande Ronde rivers (IPC, 1990) . In the case of the Clearwater River lower reach, use of Dworshak Reservoir water to supplement flow and decrease temperatures in the lower four Snake River reservoirs draws the reservoir down to near-minimum operating elevations, greatly reduces power peaking operations in the fall and winter that can dewater redds, and results in stable or naturally increasing flows from Dworshak Dam during and after spawning. In short, the dams capable of causing redd dewatering are generally operated to avoid it, and redd dewatering is not presently considered to be a large factor for spawning success.
Velocities in the upper stretch of the river system are complex and vary widely both laterally and longitudinally within a spawning area, as well as among spawning areas. With regard to describing velocity, this review focuses on mean cross-sectional velocities in the Upper and Lower Hells Canyon spawning areas because those areas have been most intensively modeled (see Borden and Manning, 2011 for methods) . Mean cross-sectional velocities are higher in the Upper Hells Canyon Figure 6 . Inter-annual mean total redd counts estimated on the end dates of six spawning intervals from data collected during aerial surveys conducted by the authors and their staff during (methods, Groves and Chandler, 1999 Groves et al., 2013 Groves et al., , 2016 within the primary, secondary, and tertiary spawning areas used by Snake River basin fall Chinook salmon upstream of Lower Granite Reservoir ( Figure 1 ; Table 2 ).
spawning area compared to velocities in the Lower Hells Canyon spawning area ( Figure 5) . Mean cross-sectional velocities are higher in both of those spawning areas compared to velocities in the dam tailraces and reservoirs in the lower and middle stretches of the river system ( Figure 5 ).
Migration timing, behavior, and success
This section covers four objectives that describe:
(1) the use of radiotelemetry and PIT-tag data to help understand migration timing, behavior, and success; (2) migration timing; (3) migration behavior; and (4) migration success.
The radiotelemetry and PIT-tag data
Much of the understanding of fall Chinook salmon migration timing, behavior, and success is derived from studies of individual fish using radiotelemetry and PIT tags. Bjornn and Peery (1992) provided a comprehensive review of the numerous early telemetry studies of adult salmon and steelhead (O. mykiss) that were initiated to better understand fish migration rates, dam passage behavior, and loss between dams in the Columbia and Snake rivers. Many of the studies reviewed in this section were brought to the attention of the authors by the Bjornn and Peery (1992) paper. Bjornn and Peery initiated a series of intertwined radiotelemetry studies on upriver bright fall Chinook salmon in 1998.
The radiotelemetry studies started by Bjornn and Peery provided key components of many of the analyses in this review. In general, adult fish were diverted as they passed upstream in a fish ladder at Bonneville Dam where they were identified to species, sexed, measured, and checked for fin clips, tags, and injuries. Based on run schedule and morphological features, the majority of the fish tagged were probably from the healthy, abundant Hanford Reach population of upriver brights. Temperature-related tagging restrictions prevented tagging fish during the warmest portions of most years, but after close inspection by the researchers the data proved to be generally representative of the upriver bright populations. Adults were gastrically tagged with uniquely coded radio transmitters and released either downstream of Bonneville Dam or in the dam forebay. Fixed radiotelemetry stations were established at various locations from Bonneville Dam to Priest Rapids Dam (Figure 1 ) and the upper end of Lower Granite Reservoir to provide data on passage behaviors.
The introduction of PIT tags overcame many of the technological and biological limitations of radiotelemetry. Fish could be tagged as juveniles with few negative effects, the tags had an unlimited life and could be detected in the adults as they ascended the ladders at dams, and were uniquely coded to allow the retrieval of fish-specific data (Prentice et al., 1990a (Prentice et al., , 1990b (Prentice et al., , 1990c Tiffan et al., 2015) . As such, known-origin upriver bright fall Chinook salmon adults from the Snake River basin population that had been implanted with a tag as juveniles could be detected passing dams as they moved upstream from Bonneville Dam to Lower Granite Dam without being handled or stressed. The number of dams with adult ladders or other passage structures fitted with PIT-tag monitoring devices (e.g., Prentice et al., 1990c) increased over time as did the number of juvenile fall Chinook salmon that were PIT tagged.
From this point on in the review, several original analyses are conducted with PIT-tag data to compliment or fill in gaps left by the radiotelemetry studies. The PIT-tag data were collected on hatchery-origin fish that were released as juveniles upstream of Lower Granite Dam during 2005-2012, which then returned to spawn during 2010-2015. The data were downloaded from the central database (PTAGIS, 2017) . The analyses focuses on hatchery-origin adults (Age-II and older) because the numbers of natural-origin adults that had been PIT tagged as juveniles was too small for meaningful, stand-alone analyses. The return years analyzed include 2010 to 2015 because the proportions of the returning adults that had been tagged as juveniles were the highest on record and provided large sample sizes of detected fish. Detection data collected at Bonneville, McNary, Ice Harbor, and Lower Granite dams were analyzed because all four of those dams had PIT-tag monitoring systems in the ladders during 2010-2015 and the detection efficiencies of the systems exceeded 96% in all years (e.g., Tenney et al., 2011 Tenney et al., , 2014 Tenney et al., , 2015 PSMFC, 2013) . Based on PIT-tag detection histories, the prevalent age class of the PIT-tagged adults was Age-III in 2011 (61.8%), 2014 , and 2015 (75.4%), whereas Age-II fish were most prevalent in 2010 (97.9%), 2012 (83.4%), and 2013 (69.7%). The preponderance of Age-II PIT-tagged adults in the age class distributions of those three years probably resulted from the sex composition of the population. Males can be numerically dominant in the run in some years and can return at younger ages compared to females (Connor et al., 2005) .
Migration timing
Sample sizes of known Snake River fish in the radiotelemetry studies were too small to describe migration timing accurately. The passage date distributions calculated using the last date a PIT-tagged adult was detected at Bonneville, McNary, Ice Harbor, and Lower Granite dams were compressed and symmetrical (Figure 7 ). The mean passage dates at each dam, and the corresponding passage date distributions, varied little among years at a particular dam. Annual mean passage dates increased as the fish moved upstream. On average, the fish passed Bonneville Dam during the first week of September, McNary and Ice Harbor dams during the second week of September, and Lower Granite Dam during the third week of September. At least 95% of the fish detected at each dam during each year was detected within the run schedules. The run schedules tended to miss very early and very late migrants.
Migration behavior

General dam passage behaviors
Radiotelemetry studies conducted in the 1980s showed that the total time required for adult fall Chinook salmon to pass individual lower Columbia River dams ranged from 14 h (McNary Dam) to 31 h (John Day Dam; Liscom and Stuehrenberg, 1983; Ross, 1983; Turner et al., 1984) . Most adult fall Chinook salmon used the fishway ladders to pass dams, and they passed primarily during daylight hours (Calvin, 1975) ; but the occasional adult passed the dams via the navigation locks, and a few fish passed at night (Boggs et al., 2004; Keefer et al., 2004) . Once fish entered the fish ways, times to ascend the fish ladders only ranged from 3 h to 7 h (Duncan et al., 1978; Johnson et al., 1982; Ross, 1983; Shew et al., 1985) , and passage rates were faster at reduced powerhouse discharges (Monan and Liscom, 1974) .
One behavior that can adversely affect adult salmon behavior and energetics is dam fallback (i.e., passing back downstream of the dam after initial, successful passage). Early telemetry studies showed that fallback rates were relatively low (range, 0-2%) and were likely influenced by low flows in late summer and fall (Young et al., 1974; Liscom and Stuehrenberg, 1983; Ross, 1983) . Later studies confirmed that fallback was observed at every dam, but was sometimes higher than reported in earlier studies especially at Little Goose Dam (Table 3) . "Permanent" fallbacks are those fish that never re-ascend fish ladders after falling back. If a fish fell back and remained healthy but did not reascend the ladder, it was likely that the ladder and dam were located upstream of, or adjacent to, the direct route to the natal tributary or hatchery of the fish. Boggs et al. (2004) termed that particular behavior "overshoot fallback." For example, upriver brights destined for the Hanford Reach might wander into the Lower Snake River and pass Ice Harbor Dam before falling back and continuing on the correct course to their natal spawning location (e.g., see Ice Harbor Dam fallback; Table 3 ; also see Mendel et al., 1992 Mendel et al., , 1993 Mendel and Milks, 1997 Upstream movement, temperature, and flow Initial studies of upstream movement rate focused on travel times (elapsed days) and rates (distance traveled divided by elapsed days) within reservoirs between dams. Fall Chinook salmon migrated between Bonneville and McNary dams at 20.0-27.2 km/d (Oregon Fish Commission, 1960; Young et al., 1974) . Trefethen and Sutherlin (1968) measured migration rates of fall Chinook salmon in Brownlee Reservoir on the Snake River and showed that fish travelled from 16.1 to 16.8 km/d. Fallback behavior was shown to increase upstream travel times, which is potentially detrimental to adults because it can lengthen migration thereby increasing energy expenditure during the warmest, low-flow days of summer. Using radiotelemetry, Keefer et al. (2004) found that the annual median Bonneville-to-McNary and Bonneville-to-Lower Granite travel times were longer (10-15 d and 9-26 d, respectively) for fish that fell back compared to fish that did not fall back (8) (9) (15) (16) (17) .
Because adult fall Chinook salmon migrate during the warmest, low-flow days of summer, managers have been interested in the effect of temperature, flow, and passage date on upstream movement. Keefer et al. (2004) analyzed radiotelemetry data collected in 2000 and 2001 to explore those effects. Univariate and quadratic regression models were fitted to data aggregated from individuals into semi-monthly blocks with movement rates being expressed as the median observed in each block. The results were inconsistent and unconvincing. It was not possible to judge the explanatory power of the models because the coefficients of determination were not reported. Goniea et al. (2006) expanded on the work of Keefer et al. (2004) by analyzing data collected during 1998 and 2000-2004 that were aggregated into 52 weekly bins for plotting against mean weekly temperature intervals (range, 14.0-14.9 C to 22.0-22.9 C) at Bonneville Dam. Upstream movement rate between Bonneville and John Day dams was slower in warmer years and at higher temperatures, particularly when temperatures exceeded 21 C. Analysis of variance identified temperature interval as the most influential predictor of rate of upstream movement, followed by year, and then the interaction between year and temperature. Goniea et al. (2006) also provided the first evidence that adult upriver brights temporarily used cool tributaries for behavioral thermoregulation. Of the 2,121 fish studied, 9.1% (n D 194) resided in those tributaries for an average ( §SD) of 5.1 §5.8 d (range, 12 h to 34 d). The relation between the proportions of fish in each bin that used tributaries and mean weekly Columbia River temperatures was exponential (Figure 8) . Less than about 5% of fish used tributaries when Columbia River temperatures were below 20.0 C, but tributary use increased to about 40% when temperatures exceeded 21 C. Goniea et al. (2006) , consistent with the results of Keefer et al. (2004) , concluded that many fall Chinook salmon exhibited thermoregulatory behaviors, but the response to warm temperature varied among fish, and whether or not a given fish would halt their migration Table 3 . Information on fallback of presumed, upriver bright fall Chinook salmon adults at the lower dams within the lower and middle stretches of the river system. The data are from Boggs et al. (2004; years 1998 , 2000 , and 2001 ) and was pooled across years for this table. The denominator for gross and net fallback percentages was the number of unique fish that passed. The numerator for net fallback was the number of unique fish that re-ascended the ladder (n under Reascension). The denominator for all other percentages was the number of unique fallbacks. upon exposure to temperatures above 20 C was unpredictable. A salient point made by Goniea et al. (2006) is that inland fall Chinook salmon continue migration under sub-lethal, warm temperatures because they have a long way to migrate and a narrow window of time to reach the spawning grounds and spawn. Caudill et al. (2013) was another publication produced by the series of radiotelemetry studies started in 1998. That study was conducted during 2000-2003 on 227 fish in the middle stretch of the river system and focused on the behavioral response of fish to temperature gradients in the fish ladders. At the time of the study, the top of the ladders drew warm surface water from the forebay of each dam, whereas water in the tailrace at the bottom of the ladders was relatively cool as it exited the powerhouse turbines having been drawn from deeper in the forebay. Caudill et al. (2013) referred to the difference between top-of-ladder and base-of-ladder temperatures as DT, and characterized the temporal and spatial trends in DT observed in the ladders of the lower Snake River dams. Not unexpectedly, the frequency DT exceeded 0 C was highest during summer, and values of 2.0 C were most frequently observed at Lower Monumental, Ice Harbor, and Lower Granite dams. At Lower Granite Dam where the temperature gradient in the forebay was greatest, DT values above 3.0 C were common and some values 4.0 C were observed. Fish fitted with data-storage radio transmitters had body temperatures directly proportional to ladder temperatures (inter-annual range of r 2 ; 0.97-0.98), and as such, body temperatures increased during ladder passage when DT exceed 0.0 C. Caudill et al. (2013) analyzed the effect of DT on passage time through the ladders, and after accounting for the variation in ladder passage time affected by other covariates, showed that passage time increased significantly as DT increased in the ladders at Ice Harbor and Lower Granite dams. Consequently, increases in DT could increase travel time from Ice Harbor Dam tailrace to Lower Granite Dam forebay, which highlights the potential for excess energy expenditure and unsuccessful migration. As per the suggestion of Caudill et al. (2013) and efforts of managers, cooler water was directed into the topof-ladder exit pools to remedy the problem with high DT.
Before moving on to the analyses of the PIT-tag data intended to compliment the radiotelemetry research, two additional telemetry studies are briefly reviewed here. Mann (2007) established that external and internal temperatures measured on the fish were nearly identical and highly correlated (e.g., r 2 D 0.97), and Mann (2007) and Keefer and Caudill (2015) showed that temperatures recorded by temperature loggers on a given fish were highly correlated with temperature exposure indices calculated from temperature data collected at the dams during fish passage. These findings were important because they showed that the mean temperature calculated over the elapsed time between passage at a downstream dam and the next upstream dam could be used to generally characterize the thermal experience of a given PIT-tagged fish.
Upstream movement behavior of PIT-tagged adults returning during 2010-2015 showed similar results to those of radiotelemetry studies. Travel time and upstream movement rates of PIT-tagged adults were calculated by subtracting the first detection date at a given downstream dam (e.g., Bonneville) from the last detection date at a given upstream dam (e.g., McNary Dam), with the exception of Lower Granite Dam in some instances. If a fish was trapped at Lower Granite Dam and hauled to Lyons Ferry Hatchery for brood stock, then the first detection date, not the last, of that fish at Lower Granite Dam was used to calculate passage date distributions, travel time, and upstream movement rate.
Despite high water temperature (e.g., Figure 3 ), the PIT-tagged adults typically traversed the 460-km channel distance between Bonneville and Lower Figure 8 . Relation between the percent of presumed upriver bright fall Chinook salmon adults that used cool water tributaries for more than 12 h along the lower stretch of the river system and mean weekly water temperatures at Bonneville Dam. Circles represent 52 weekly bins (mean 41 fish/bin; range 4-122 fish/bin). The curve is the exponential regression line that best fits the data (r 2 D 0.80; P 0.0001; percent D 6.558
-7 e 0.802xtemperature ). The figure originally published in Goniea et al. (2006) Within a year, the PIT-tagged adults consistently slowed their rate of upstream movement after they entered the middle stretch of the river system ( Figure 10 ). Behavioral thermoregulation near Lyons Ferry Hatchery and the Palouse River mouth, combined with slow passage due to DT that intensified as the fish passed from Ice Harbor to Lower Granite Dam are plausible explanations for that decrease in upstream movement rate.
Other analyses of the PIT-tag data tended to support the findings from the radiotelemetry studies described above. Keefer et al. (2004) and Goniea et al. (2006) brought out the difficulty of understanding the factors for the variation in upstream movement rates of individual fish, which was also the case with the PIT-tag data analyzed for this review. For example, the r 2 values for annual regression models fitted from temperature data collected on individual fish were all small because there was no clear relation between temperature and upstream movement rate ( Figure 11 ; 2010-2015 r 2 range 0.002 to 0.04). An inverse relation between temperature and inter-annual variation in upstream movement rate was observed after Figure 9 . Travel time distributions (2010) (2011) (2012) (2013) (2014) (2015) for PIT-tagged, hatchery-origin fall Chinook salmon adults that swam from Bonneville Dam to Lower Granite Dam. The lower whisker is the 2.5th percentile, the bottom of the box is the 25th percentile, the horizontal line in the box is the median, the circle in the box is the mean, the upper end of the box is the 75th percentile and the top whisker is the 97.5th percentile. The numbers above the 97th percentile are the sample sizes. . The lower whisker is the 2.5th percentile, the bottom of the box is the 25th percentile, the horizontal line in the box is the median, the circle in the box is the mean, the upper end of the box is the 75th percentile and the top whisker is the 97.5th percentile. The numbers above the 97th percentile are the sample sizes. aggregating the data (Figure 12) . Notably, the analysis on the aggregated data oversimplified the cause-andeffect relation and exaggerated the amount of variation that is actually explained at the level of the individual fish.
One recent analysis is mentioned here to close this subsection of the review. Bond et al. (2016) used quantile regression to evaluate the factors for variation in travel time of PIT-tagged, hatchery-origin fall Chinook salmon from Bonneville Dam to Lower Granite Dam during 2002-2011. Quantile regression analyzes data that are arguably aggregated, but the aggregates are broad and include observations of travel times within a selected range of percentiles opposed to single observations of annual means or medians. Specifically, the quantile regression model fitted by Bond et al. (2016) focused on the relation between the groups of fish surrounding the 10th (i.e., the fastest), 50th (i.e., the median), and 90th (i.e. the slowest) percentile travel times observed at each temperature the fish were exposed to during migration. Bond et al. (2016) reported that temperature did not have a significant effect on travel time for the 10th and 50th percentile groups of fish, whereas increasing temperature was associated with a decrease in travel time of the 90th percentile group that included the slowest migrants that made up 10% of the fish in each temperature grouping. It is pointed out here that the majority of the PIT-tagged fish were not slow migrants, and there was considerable variability in travel time at a given temperature among individual fish that formed the percentile groupings (e.g., Figure 11 ).
Migration success
Based on radiotelemetry studies Estimating survival of Chinook salmon adults as they pass upstream along the Columbia and Snake rivers is a complicated task and researchers continue to contend with the inherent problems and search for solutions (see review by Dauble and Mueller, 2000) . The detection rate of a group of tagged fish between two points is an established proxy for a minimum survival rate and it is referred to as migration success. The primary goal of migration success analyses is to understand the behavioral and environmental factors that determine whether or not a given fish will be a successful migrant. Radiotelemetry data sets for evaluating migration success are typically made up of fish that were tagged at Bonneville Dam, escaped harvest, and were then detected passing McNary Dam before they proceeded to swim to points upstream.
Analyzing the same radiotelemetry data set as Goniea et al. (2006 ), Caudill et al. (2007 to a potential spawning location (e.g., the Hanford Reach or hatcheries) were classified as successful migrants. Adults for which natal location and likely upstream spawning location were determined, were considered to be successful migrants even if the fish was last tracked to non-natal spawning locations (i.e., the fish strayed). Fish classified as unsuccessful migrants were not tracked to a spawning location and their final fate was not known. Caudill et al. (2007) concluded that the majority of adults passed the dams rapidly and successfully reached spawning locations, and generally, fish that did not reach spawning locations were the slower migrants.
Mann (2007) completed another of the series of studies that began in 1998 and contributed to the understanding of migration success. One of the objectives of Mann (2007) was to analyze the effects of the temperature exposures on migration success in the middle stretch of the river system. Adult fall Chinook were fitted with a combination of radio tags, externally-mounted temperature recorders, and internal temperature tags at Ice Harbor Dam. The daily mean temperature each fish was exposed to between Ice Harbor and Lower Granite dams was determined. If a daily mean temperature was greater than 20 C, a value of 20 was subtracted from that mean to obtain a daily difference. The daily differences were summed to calculate degree days above 20 C (hereafter, DD>20) for a given fish.
The results of Mann (2007) comported with those of Goniea et al. (2006) . The fish with comparatively lower temperature exposures typically exhibited behavioral thermoregulation by holding in % 11 C water discharged from Lyons Ferry Hatchery. Fish that did not escape to a spawning tributary tended to experience warmer temperatures than fish that did escape to a spawning tributary.
Those findings prompted Mann (2007) to conclude: "warm but sub-lethal water temperatures experienced by anadromous salmonids during migration in the mainstem Snake River may have an indirect or delayed effect on survival."
Based on analysis of PIT-tag data Two presently unanswered questions that resonate in the migration success analyses conducted with radiotelemetry data are "What are the primary factors for migration success, and what are the final fates of unsuccessful migrants?" Those questions are explored in this section of the review by analyzing the data collected on the PITtagged adults during 2010-2015. In contrast to Caudill et al. (2007) , the PIT-tagged adults that strayed were classified as unsuccessful migrants in the following analyses. It can also be surmised that some portion of the unsuccessful migrants died as the result of injury attributable to marine mammal bites (e.g., Fryer, 1998) or predation, gill net or angling wounds (e.g., Chopin and Arimoto, 1995) , or injury from dam passage (e.g., Wagner and Hillson, 1993) . Additionally, some of the unsuccessful migrants probably strayed permanently to non-natal locations downstream of McNary Dam. Bond et al. (2016) evaluated straying of PIT-tagged, hatchery-origin fall Chinook salmon from the Snake River basin that returned during 2002-2011. Of the 24,533 PIT-tagged adults detected at Bonneville Dam, 18,463 had adult detection histories that were adequate for determining if any of the PIT-tagged adults strayed downstream of the Lower Snake River mouth. A total of 152 (0.8%) of the fish with adult detection histories permanently strayed in the lower stretch of the river system, of which 139 strayed into the Deschutes River (Figure 1 ). Bond et al. (2016) applied logistic regression to the data and found that the probability of a fish straying increased as temperature increased.
Migration success from McNary Dam to Lower Granite
Dam. Across the years 2010-2015, 93.4% of the PITtagged adults that were detected at both Bonneville and McNary dams then successfully migrated to Lower Granite Dam, whereas the remaining 6.6% were considered to be unsuccessful migrants (Table 4) . Temperature measured at Ice Harbor Dam explained 53% of the interannual variation in migration success rate, which Table 4 . Mean travel times of PIT-tagged, hatchery-origin fall Chinook salmon adults from Bonneville Dam to McNary Dam for fish that were and were not detected at Lower Granite Dam (i.e., successful [S] and unsuccessful [U] migrants). Fisher's test for honestly significant differences showed that every annual mean travel time (log e transformed) of successful migrants was significantly (P < 0.05) shorter than the corresponding annual mean travel time of unsuccessful migrants. Results of logistic regression models fitted separately by year and jointly across years (All) to predict g(x) and calculate the probability of success P i (set at 0.5;
) of individual fish from their travel times are given. The percentage of the known unsuccessful and successful migrants that were predicted to be successful by those models is also given.
2010 2,398 2,299 95.9% 99 4.1% 6.3 § 2.9 12.0 § 14.3 < 0.0001 4.01 § 0.16 < 0.0001 -0.11 § 0.02 < 0.0001 99.9 91.9 2011 1,308 1,227 93.8% 81 6.2% 6.5 § 2.6 10.9 § 11.9 < 0.0001 3.79 § 0.25 < 0.0001 -0.14 § 0.03 < 0.0001 99.9 93.8 2012 2,316 2,164 93.4% 152 6.6% 6.1 § 2.9 12.5 § 14.2 < 0.0001 3.58 § 0.14 < 0.0001 -0.12 § 0.01 < 0.0001 99.5 90.1 2013 3,183 2,852 89.6% 331 10.4% 8.2 § 5.1 10.5 § 9.1 < 0.0001 2.62 § 0.10 < 0.0001 -0.05 § 0.01 < 0.0001 100.0 98.5 2014 2,642 2,494 94.4% 148 5.6% 6.1 § 2.7 9.8 § 10.8 < 0.0001 3.63 § 0.15 < 0.0001 -0.11 § 0.02 < 0.0001 100.0 93.9 2015 1,377 1,311 95.2% 66 4.8% 6.7 § 3.2 11.3 § 11.4 < 0.0001 3.88 § 0.21 < 0.0001 -0.11 § 0.02 < 0.0001 100.0 92.4 All 13,224 12,347 93.4% 877 6.6% 6.7 § 0.9 11.2 § 2.0 declined as temperature increased ( Figure 13 ). Successful migrants to Lower Granite Dam traveled between Bonneville and McNary dams in an average ( §SD) of 6.7 § 0.9 d while unsuccessful migrants took almost twice as long (11.2 § 2.0 d; Table 4 ). Within-year comparisons showed that every annual mean travel time of successful migrants was shorter than the corresponding annual mean travel time of unsuccessful migrants (Table 4) . Travel time between Bonneville and McNary dams was also related to the probability of a PIT-tagged adult successfully migrating from McNary to Lower Granite Dam. The probability of successful migration to Lower Granite Dam was inversely related to travel time, but each annual model predicted that over 90% of the unsuccessful migrants should have been successful migrants (Table 4) . Classification inaccuracy could not be reduced substantially by varying the cutoff probability for migrants classified as being successful, and was caused by the nearly complete overlap in the right-skewed, travel time frequency distributions of successful and unsuccessful migrants. The primary difference between the distributions was the length of the right tail ( Figure 14) .
The final fate of PIT-tagged adults that did not successfully migrate to Lower Granite Dam during 2010-2015 was categorized as follows. Fish that were last detected downstream of McNary Dam were categorized as permanent fallbacks. Fish that were last detected along the Lower Snake River from Ice Harbor Dam to Little Goose Dam including tributaries and Lyons Ferry Hatchery (not including fish trapped at Lower Granite Dam) but failed to home to their riverine release points upstream of Lower Granite Reservoir were categorized as "undershoots." Fish that presumably passed McNary Dam, but were never detected at Snake River dams, were categorized as strays.
Permanent fallbacks made up very small percentages of the PIT-tagged adults that passed McNary Dam, but were not successful migrants to Lower Granite Dam (Figure 15 ). Across the 6 years, the majority (46.2%) of the permanent fallbacks were last detected in the Umatilla River (Figure 1 ). The Umatilla River once supported spawning of upriver bright fall Chinook salmon, is the present location of a fall Chinook salmon hatchery (ODFW, 2005) , and some fish likely spawn in the river rather than in the hatchery as is commonly observed in the vicinity of hatcheries. The remainder was last detected as fallbacks in the juvenile fish passage facility at McNary Dam (30.8%), in the Deschutes River (7.7%; that supports spawning of upriver bright fall Chinook salmon; Myers et al. 1998) , and as fallbacks in the juvenile fish facilities at John Day Dam (7.7%) and Bonneville Dam (7.7%).
In all 6 years, the majority of the fish that did not migrate successfully from McNary Dam to Lower Granite Dam were undershoots (Figure 15 ). Of the undershoots, 74.7% was last detected in the fish ladders of Ice Harbor Dam. The remaining 25.3% of the fish was detected in the Lower Monumental Dam fish ladder (6.0%), Little Goose Dam fish ladder (11.5%), as fallbacks in the juvenile fish passage facilities at Lower Monumental (2.5%) and Little Goose (1.8%) dams, the Tucannon River (2.3%) where fall Chinook salmon spawn (Schoning 1947) , and Lyons Ferry Hatchery (1.2%) where fall Chinook salmon are spawned.
Straying into the mid-Columbia River and Upper Columbia River was the second most prevalent final fate of the PIT-tagged adults that did not migrate successfully from McNary Dam to Lower Granite Dam (Figure 15 ). The PIT-tag monitoring systems where the strays were last detected were in the vicinity of known spawning areas or at hatcheries. It is probable that many of the strays, both PIT-tagged and non-tagged from the population of strays as a whole, spawned in the Hanford Reach or entered Priest Rapids Hatchery. In support of that conclusion it is noted that: (1) adults that pass the Snake River mouth have unimpeded access to those sites; and (2) the spawning population in the Hanford Reach is large (Huntington et al., 1996) , and spawning fall Chinook salmon attract other fish that have yet to spawn (Groves et al., 2013) . Thus, it is likely that an unknown-but large-number of the unsuccessful migrants during 2010-2015 halted their migration in the Hanford Reach.
The results presented in this section suggest that a large percentage of the 877 unsuccessful PIT-tagged migrants were strays that successfully swam to a final destination where they had the opportunity to spawn. That proposal is consistent with the conclusions of Mendel et al. (1992 Mendel et al. ( , 1993 and Mendel and Milks (1997) who conducted the earliest radiotelemetry studies on fall Chinook salmon passing upstream through the Lower Snake River reservoirs. Moreover, the 6.6% figure for the unsuccessful PIT-tagged migrants (Table 4) aligns closely with the overall stray rate of 4.2% reported by Caudill et al. (2007) who was able to radio track fish to spawning locations upstream of McNary Dam. Large percentages of unsuccessful migrants were classified as strays and the percentage of those fish known with certainty to have strayed into the upper Columbia River were directly proportional to temperature measured at Ice Harbor Dam (Figure 16 ). Consistent with Bond et al. (2016) , it can be concluded that homing increases as temperature at the Lower Snake River mouth decreases, or conversely, that straying increases as temperature at the Snake River mouth increases.
Spawning behavior, timing, and success
This section covers four objectives including the description of:
(1) pre-spawning movement; (2) spawning behavior; (3) spawning timing and (4) spawning success.
Pre-spawning movement Connor and Garcia (2006) provided the most detailed published information on movement up to the time of spawning initiation by fall Chinook salmon adults in the upper stretch of the river system. Natural-origin (females, n D 4; males n D 5) and hatchery-origin (females, n D 27) adults were captured in the Lower Granite Dam ladder during 1998, 1999, and 2001 all of which had been PIT tagged as juveniles as they reared, or were released, in the Upper or Lower Hells Canyon spawning areas. The above 36 adults were radio tagged, and then tracked an average of 15 observations per fish from Lower Granite Dam to spawning sites using a combination of fixed stations and mobile tracking. Of the 36 radio-tagged fish, 29 spawned in the Upper Hells Canyon spawning area, and 7 spawned in the Lower Hells Canyon spawning area upstream of the Grande Ronde River. The fish did not swim directly to spawning sites and initiate spawning. A migratory phase was observed that consisted of consecutive detections made in an upstream direction from Lower Granite Dam (Figure 17 ). The fish typically made a transition from the migratory phase to a search phase after natural-origin adults passed their known natal rearing areas, and hatchery-origin adults passed the known locations where they were released as Age-0 juveniles (Figure 17 ). The search phase was commonly characterized by a series of downstream and upstream excursions ending with spawning initiation (Figure 17) .
The fish spent considerable time, and covered relatively long swimming distances, prior to spawning initiation. The median travel time between release at Lower Granite Dam and spawning initiation was 45 d for fish that spawned along the Upper Hells Canyon spawning area, and 39 d for fish that spawned along the Lower Hells Canyon spawning area. Travel time from Lower Granite Dam to spawning initiation was inversely proportional to passage day of year at the dam (Figure 18 ). Therefore, spawning date generally became later as passage date became later. The net channel distances to the most frequently and heavily used spawning sites along the Upper and Lower Hells Canyon spawning areas after entering the upper section are 100.7 km and 32.8 km, respectively (Figure 2 ). The median total distances fish swam in the upper section were 330.2 km and 94.7 km for the radio-tagged fish that spawned in Upper or Lower Hells Canyon, respectively. The extra swimming distance (i.e., > 100.7 km or 32.8 km) was accrued during the downstream and upstream excursions of the search phase.
Spawning behavior
The Master Fish Warden of Oregon at the turn of the 20th century (Reed, 1901) made some of the earliest observations on spawning behavior, timing, and habitat of fall Chinook salmon.
" Those [fish] that have been so fortunate as to run the gauntlet and escape the many devices used to capture them, and have arrived in the vicinity of their spawning grounds, seem to enjoy the rest after their long and perilous journey from the sea by lying in the deep, shady pools along the streams for the greater part of the day, and as night approaches, if they have not yet reached the place where they first saw the light of day, they will move on up the stream, passing over rapids where the current is very strong, with apparently little exertion till they have reached the next pool, and so on from day to day until they find the desired spot and are ready to deposit their eggs. When this time comes they may be seen in pairs, male and female, going from the pools into shallow water, say from one to two feet deep, where the current runs from six to eight miles an hour over a good, gravelly bottom, where each pair chooses their beds, so termed, and begin spawning. In this process the female turns on its side, and while making several vigorous strokes with her tail, deposits from twenty-five to fifty eggs. The strokes with the tail are made for the purpose of loosening the gravel so that when the eggs reach the bottom the greater part of them may be covered up with the moving gravel. When the female has performed this operation, the male, if he is not chasing trout away, goes over the bed and deposits the milt which, coming in contact with the eggs, fertilizes them. This performance is repeated at intervals of from ten to twenty minutes, until the female has deposited all her eggs (the average number being about five thousand), the time required to deposit them being from three to four days.
The holes in the gravel (or nests as some call them) are formed by the movement of the salmon tail, and are not dug or rooted out with the nose as some writers have claimed."
Spawning behavior is entwined with habitat selection as redd construction is essentially a behavioral response to the habitat into which the eggs are laid and fertilized. Redds are constructed in distinct patches of substrate that are partially or wholly submerged under water (e.g., ). Groves and Chandler (1999) visually assessed substrate composition and measured depth, mean water column velocity, and substrate-level velocity at 112, 205, 145, and 164 redds, respectively, located within the Upper and Lower Hells Canyon spawning areas. The majority of redds (77%) were excavated in medium-to large-sized gravel (Figure 20) . Water depth over the redds ranged from 0.5 m to 6.5 m with mode of 2.0 m (Figure 21 ). The range of mean water column and substrate-level velocities overlapped, whereas the modal mean water column velocity was higher than the modal substrate level velocity that was likely experienced by the fish (Figure 22 ). Geist and Dauble (1998) moved the understanding of spawning habitat use beyond the fundamental, substrate-depth-velocity paradigm by developing a conceptual spawning habitat model for upriver bright fall Chinook salmon in the Hanford Reach of the Columbia River. The model described how geomorphic features of river channels affect hydraulic processes, and how those processes influence where the fish spawn in large rivers. Some of the key points brought out by Geist and Dauble (1998) are summarized hereafter.
The hyporheic zone is the subsurface portion of the substrate within habitats such as the upstream end of riffles and gravels bars where groundwater and surface water mix (Figure 23 ). Downwelling occurs when surface water enters the hyporheic zone of the substrate, whereas upwelling occurs when water reemerges from the hyporheic zone. The proportion of surface and groundwater in the hyporheic zone is dependent on discharge, groundwater quantity, and the time of year. Runoff and velocity are high during the spring and surface water forced into the hyporheic zone makes up the largest portion of subsurface flow, whereas during periods of low flow groundwater dominates within the hyporheic zone (Geist and Dauble, 1998) . In short, field data and literature published after the conceptual model was developed, supported the spawning habitat model and showed how the geomorphic features of the riverbed could help prevent the percentage of fine substrates (hereafter, percent fines) from becoming high enough to completely embed the incubation environment, while insuring that incubating embryos were supplied with oxygenated water (Geist and Dauble, 1998; Geist, 2000; Geist et al., 2000b Geist et al., , 2002 .
Spawning timing
Because the eggs are laid and fertilized in the last stages of redd digging, and the redd can be Geist and Dauble (1998) including downwelling (A) and upwelling (B) of surface water (i.e., river water), and ground water inflow (C). Not drawn to scale. The figure of the fish digging the redd was adapted from Burner (1951) with permission of the National Oceanic and Atmospheric Administration. The font was changed and color added.
distinguished from the surrounding substrates due to the disturbance caused by the digging, spawn timing in the wild is determined based on frequency distributions of redd counts. Fish from the population spawn in the fall with some temporal variation between sub-watersheds and among spawning areas ( Figure 6 ). With regard to the primary spawning areas where the majority of production occurs, fish begin to spawn earlier in the Clearwater River lower reach compared to fish in the Upper and Lower Hells Canyon spawning areas (Figure 6 ).
Spawning success
Spawning success is measured in this review as survival between the time the adults pass Lower Granite Dam and the fry produced by spawning emerge from the gravel. Spawning success is directly determined by the level of pre-spawning mortality in the adults combined with embryo loss caused by the thermal history of the female parent, initial incubation temperature, and substrate composition.
Pre-spawning mortality Bowerman et al. (2016) reviewed the literature on prespawning mortality of the anadromous species from the genus Oncorhynchus and defined pre-spawning mortality as the mortality observed after the adults reach the spawning grounds but before the eggs and milt are successfully released. The review covered methods used to estimate pre-spawning mortality including escapementbased estimates (1 -number of redds counted/female escapement x 100), and examining egg retention (number of eggs/expected fecundity) in female carcasses. Bowerman et al. (2016) suggested that pre-spawning mortality increased as the time in freshwater and distance migrated to the spawning grounds increased supporting a link between energy expenditure over time and space and death. More in-depth material on this topic is presented later in the review. Mann, 2007) . To calculate DD>20 in the middle stretch of the river system (i.e., observed), the daily mean temperature each fish was exposed to between Ice Harbor and Lower Granite dams was determined. If a daily mean temperature was greater than 20 C, 20 was subtracted from that mean to obtain a daily difference. The daily differences were summed to calculate DD>20 in the middle stretch. Bonneville Dam passage dates and DD>20 in the lower stretch of the river system were simulated (Eq. 14; Figure 24 . The relation between degree days above 20 C (DD>20) calculated for the female parent and embryo loss measured from spawning to the button-up stage (equivalent to fry emergence in the wild). The equation was fitted by Mann (2007) . The untransformed data are given in Table 5 (x D DD>20 in the middle stretch of the river system; y D observed embryo loss).
The thermal history of the female parent Mann (2007) conducted an innovative but limited study on embryo loss affected by the thermal histories of the females he had radio tagged at Ice Harbor Dam. A subsample of those radio-tagged females was subsequently trapped at Lower Granite Dam, taken to hatcheries, held at % 11 to 12 C, and spawned. Embryo loss (%) was monitored through the buttonup stage (equivalent to fry emergence in the wild). Of the females studied, 15 had been fitted with temperature loggers. Their thermal exposures from Ice Harbor Dam to Lower Granite Dam were measured in terms of DD>20 (Table 5 ). Mann (2007) removed one outlier (tag 25162; Table 5 ), 2.5th root transformed DD>20, and 6th root transformed embryo loss (%). He then fitted a regression equation to test the relation between DD>20 and embryo loss (%). Transformed DD>20 was directly proportional to embryo loss and explained 32% of the variation in embryo loss (Figure 24 ).
Initial incubation temperature
The ability to duplicate exposure to the warmest temperatures observed during redd construction and egg laying has eluded researchers in the laboratory. Although fall Chinook salmon adults can survive at temperatures above 20 C in the wild, they are extremely sensitive to handling and holding in captivity at such temperatures. Trapping and hauling incoming adults at temperatures close to 20 C, and then holding them in captivity at warm temperatures as they matured, would most certainly kill an unacceptable number of the fish (e.g., see the historical review by Connor et al. (2016) and the laboratory study by Geist et al. (2000a) . Geist et al. (2006) avoided high levels of temperature-related handling mortality by obtaining eggs and milt at Lyons Ferry Hatchery, fertilizing the eggs at % 12 C, and then assigning the gametes to replicated, initial incubation temperature treatments (13.0 C, 15.0 C, 16.0 C, 16.5 C, and 17.0 C). Dissolved oxygen in the 13.0 C and 17.0 C treatment replicates was held at saturation, whereas the remaining three treatment replicates were subdivided and held at oxygen levels of 4 mg/L, 6 mg/L, 8 mg/L, and saturation. The apparatus that produced each temperature treatment was programmed to drop the temperature by approximately 0. Mean ( § SD) survival from fertilization to emergence calculated across the three coolest temperature treatments and the corresponding oxygen treatments was 92.8 § 4.4% compared to 93.1 § 1.4% for fish in the 16.5 C treatment and 1.7 § 1.6% for fish in the 17.0 C treatment. Geist et al. (2006) concluded that exposure to water temperatures up to 16.5 C would not have deleterious effects on survival or growth from egg to emergence if temperatures decline at a rate of 0.2 C /d or more after spawning and dissolved oxygen levels remain above 4 mg/L.
There are two noteworthy aspects of the Geist et al. (2006) results. The first is that the high level of mortality (i.e., 98.3%) observed in the 17.0 C treatment, which had a 17.0 C starting temperature and then declined by 0.2 C per day, resulted from the embryos being exposed to only 0.9 degree days above 16.5 C (i.e., 17.0-16.5 C 16.8-16.5C 16.6-16.5; hereafter DD>16.5). In other words, embryo survival decreased by 10.9 percentage points for every 0.1 C increase in DD>16.5. Secondly, it was possible that embryo loss would have been higher in the warmer temperature treatments had the fish been spawned and the eggs fertilized at the treatment temperatures.
Substrate composition
Substrate composition expressed as percent fines is not generally considered a determinant of temperaturerelated spawning success. Substrate composition is important to cover in this review because embryo loss under typical levels of percent fines is high (% 70% from Healey, 1991; but see McMichael et al., 2005 for lower values). To measure percent fines, Arnsberg et al. (1992) built an enlarged tri-tube freeze core sampler (Everest et al., 1980 ) that was capable of extracting large substrate cores from the river bed. Between 1990 and 2001, those researchers extracted cores from spawning sites within the Clearwater lower reach, Imnaha lower reach, Salmon lower reach, Clearwater upper reach, South Fork Clearwater lower reach, Middle Fork Clearwater, and Selway lower reach. The particle sizes of the core samples were determined, but substrate composition was not statistically related to embryo loss. Bennett et al. (2003) equipped SCUBA divers with a dome suction sampler (Gale et al., 1975) to collect substrate samples at four known spawning sites along the Upper Hells Canyon spawning area and three spawning sites along the Lower Hells Canyon spawning area. In the laboratory, eight substrate mixtures were created each of which was placed in six replicate troughs To put what is presently known about substrate composition and embryo loss in the contemporary spawning areas in the context of the 70% embryo loss rate reported by Healey (1991) , the laboratory data from Bennett et al. (2003) were used here to fit the regression equation (N D 6) . Only two samples collected in the primary, secondary, and tertiary spawning areas differed significantly from the 70% benchmark based on the coverage of the 95% prediction intervals of the individual predictions used to calculate the above averages (both from the Lower Hells Canyon; Figure 25 ). To restate the primary point of this section, it is important to recognize that embryo mortality is high even when temperatures are favorable for survival.
Illustrating the effects of behavior, velocity, and temperature on migration and spawning success measured through spawning site selection and the initiation of redd construction A three-stage somatic energy use model was developed in this review (Figure 26) . The model is used to illustrate how behavior, and temperature and velocity exposure of adults from Bonneville Dam to the Upper Hells Canyon spawning area, act as joint factors for migration and spawning success measured through spawning site selection and redd construction. For the sakes of brevity and readability, the detailed methods are presented separately in the Appendix unless noted otherwise.
The individual PIT-tagged adults in Table 4 were the source of the data for modeling. Each of those fish survived from Bonneville Dam tailrace to Lower Granite Dam forebay. Those fish were selected with the understanding that the large majority of the fish detected at Bonneville Dam that were not subsequently detected at McNary Dam had been rightfully harvested in the Treaty fisheries. Thus, it was assumed that death due to exhaustion was not a factor for migration success in that portion of river; but information is subsequently provided that supports that assumption. Similarly, this review has established that straying after the fish reach the mouth of the Lower Snake River is the primary source of loss between the forebays of McNary and Lower Granite Dam. As such, the primary goal of this section of the review was to illustrate how mortality incurred by the fish after passage at Lower Granite Dam might be affected by fish behavior and environmental exposure after arrival in the Bonneville Dam tailrace.
Each fish was treated as if it was a female destined to spawn in the Upper Hells Canyon spawning area. Spawners destined for the Upper Hells Canyon spawning area must swim some of the longest distances to reach the spawning sites, through the highest velocity habitats, and are the most susceptible to warm temperatures upstream of Lower Granite Dam as there is little thermal refuge available after passing the mouth of the Clearwater River (Figure 3) . This section covers five objectives including: (1) 
Evaluating the realism of model simulations
The realism of the model simulations was evaluated based on: (1) the estimated lengths and weights that were input to the model; (2) the observed and simulated migration success rates between Bonneville Dam forebay and McNary Dam forebay, and between McNary Dam forebay and Lower Granite Dam forebay; (3) the typical age-class distribution of natural-origin females and the observed age-class distribution of the PIT-tagged fish; (4) levels of pre-spawning mortality reported in the literature and simulated levels of pre-spawning mortality; (5) the temporal pattern in pre-spawning mortality reported in the literature and the simulated temporal pattern in pre-spawning mortality; (6) the spawning date distributions estimated for fish in the wild and the simulated spawning date distributions; and (7) the fraction of prespawning, somatic energy content used to spawn according to the literature and that same fraction simulated by the model. Weights and fork lengths were estimated at Bonneville Dam, and in turn, used to simulate the amount of energy that was used or was available at various times and locations. In all cases, estimated weights and lengths were well within the bounds of expectations, and estimated weight declined as the fish moved upstream and spawned as observed in the river. Jointly across the 6 years modeled (N D 18,755 fish), the overall average ( §SD) estimated weight of the PIT-tagged adults at Bonneville Dam was 5.6 § 1. model was not markedly underestimating useable somatic energy, or overestimating somatic energy use. That expectation was met.
The apparent ocean-age distributions of the PIT-tagged adults were not perfectly aligned with the apparent ocean-age distribution typically observed for natural-origin females. Age-II fish predominated in the returns of PIT-tagged fish in 2010, 2011, and 2012. It is important to keep that age discrepancy in mind because spawning success classification was dependent on apparent ocean age during all 6 years modeled. The annual percentages of the fish classified as successful spawners were lower for Age-II fish compared to Age-III, Age-IV, and Age-V fish (Figure 27) .
The model classified unsuccessful spawners into two groups including prespawning mortalities that died before spawning site selection and the initiation of redd construction, and premature spawning mortalities that began to construct redds and lay eggs but died before egg laying was complete. Prespawning mortality for the PITtagged fish simulated between passage at Lower Granite Dam and spawning site selection was 2.7% in 2010, 0.8% in 2011, 0.6% in 2012, 10.5% in 2013, 3.6% in 2014, and 2.6% in 2015. The distribution observed in the simulated pre-spawning mortality rates for the Upper Hells Canyon spawning area did not stand out as an anomaly when compared to pre-spawning mortality distributions for other fall Chinook salmon in rivers impacted by human development (Figure 28 ).
Within and across years, the majority of the PITtagged fish classified as unsuccessful spawners fell into the premature spawning mortality category (Figure 29 ). To provide a temporal perspective on mortality, Eq. 8 in Table A1 was used to simulate a spawning initiation date for each premature spawning mortality, acknowledging that those fish were assumed to have died without beginning redd construction. To simulate a daily mortality rate, the sum of the simulated pre-spawning and premature spawning mortalities on each spawning initiation date was divided by the total number of fish that were simulated to have initiated spawning on that date. The resulting simulated daily mortality rates declined throughout the spawning period (Figure 30 ) consistent with the pattern reported by Bowerman et al. (2016) . If the model simulations were realistic, then spawning date distributions estimated from observed redd count data would be similar to simulated spawning date distributions, and depict a temporal trend associated with temperature-related spawning success. The simulated spawning date distributions were constructed jointly from the simulated spawning dates of both premature spawning mortalities and successful spawners. The observed and simulated distributions were similar (Figure 31) . If the pre-spawning mortalities had survived to spawn, the simulations indicated that they would have been the earliest to construct redds, followed by the premature spawning mortalities, and then the successful spawners (Figure 32) .
Successful spawners only use a fraction of their prespawning, somatic energy to spawn. For example, Jonsson et al. (1991) measured somatic energy content immediately before and after spawning. On average females lost 25% of their pre-spawning, somatic energy reserves by the time they were spent. Thus, the simulated somatic energy loss calculated between spawning site selection and the completion of spawning for the PITtagged adults classified as successful spawners was expected to be well below 100% of the simulated somatic energy content at the time of spawning site selection. If mean simulated somatic energy loss between spawning initiation and completion approached 100%, evidence would be provided for the underestimation of somatic energy content, or the overestimation of somatic energy use (and vice versa). Inter-annual mean ( § 95% C.L.) annual somatic energy loss (%) between the time of spawning site selection and the completion of spawning was 25.1 § 0.1%.
Having provided the reader with some information to evaluate the realism of the simulations made by the somatic energy use model, the following simulations of spawning success are reported. It is important to note that these values are the annual means calculated from simulations for individual PIT-tagged fish. Those individual values were intended as a basis for evaluating behavior, velocity, and temperature as determinants of variation in spawning success. The means resulted from numerous estimation procedures, and they do not include measures of precision or uncertainty. Of the PIT-tagged adults that successfully migrated to Lower Granite Dam forebay (Table 4) , the somatic energy use model classified 87.6% as successful spawners in 2010, 74.6% % in 2011, 73.7% in 2012, 66.6% in 2013, 87.6% in 2014, and 90.2% in 2015.
Comparing thermal exposure and energy content between successful and unsuccessful migrants There was a difference in simulated cumulative temperature exposures, and useable energy expenditure (cumulative %) during Stage I modeling (i.e., Table 4 .
(range of annual means [ §SE]; 17.1 § 0.1% to 25.4 § 0.1%). Therefore, the majority of the useable energy content simulated at Bonneville Dam for the average fish remained available for making prespawning movements and spawning.
Depicting the role of cumulative temperature exposure on spawning success
The annual cumulative temperature exposure indices were lower within and across years for the PIT-tagged adults classified as successful spawners compared to the fish classified as unsuccessful spawners (Figure 35 ). On average within each year, the simulations indicated that the fish accumulated more cumulative temperature units after passing Lower Granite Dam than they did downstream of the dam (Figure 35 ). To evaluate the relative influence of cumulative temperature among the three modeling stages, logistic regression models were fitted for each of the six modeled years. The models predicted the probability of an individual PIT-tagged adult being classified as a successful spawner based on its simulated weight at Bonneville Dam, and the cumulative temperature exposures simulated for the PIT-tagged adults during the modeling stages I and II, and modeling stage III through spawning initiation.
The models with an intercept and covariates (i.e., the full models) provided more information on the probability of a fish being classified as a successful Figure 35 . Annual cumulative temperature exposure indices for the PIT-tagged, hatchery-origin fall Chinook salmon adults that successfully migrated to Lower Granite Dam forebay, and were subsequently classified as either successful (S) or unsuccessful (U) spawners during 2010-2015. Sample sizes are given in Table 4 . Table 6 . Logistic regression diagnostics for models fitted to predict the probability of a PIT-tagged, hatchery-origin fall Chinook salmon adult being a successful spawner based on fish weight at Bonneville Dam, and cumulative temperature exposure during Stages I, II, and II. Abbreviations: CUMDEGR, cumulative temperature exposure; S, successful spawner; U, unsuccessful spawner. spawner compared to intercept-only models (i.e., the null models; Table 6 ). Classification accuracy of the full models was above 90% for fish that were classified successful spawners, and 70% for fish that were classified as being unsuccessful spawners (Table 6 ). Each of the annual models predicted that the probability of being classified as a successful spawner decreased as cumulative temperature exposure increased (see the b values; Table 6 ). Based on the odds ratios, cumulative temperature exposure upstream of Lower Granite Dam had the most relative influence on the probability of a fish being classified as a successful spawner (Table 6 ).
Comparing simulated somatic energy use by successful spawners among tailrace-to-dam passage, reservoir passage, and pre-spawning movement events in kcal and kcal/km/d
In all modeled years, the simulated amount of energy expressed in kcal used by adults for swimming (i.e., without consideration for ovarian development) during pre-spawning movements and initiating spawning upstream of Lower Granite Dam far exceeded simulated energy use during swimming through the tailrace-to-dam and reservoir reaches downstream ( Figure 36 ; panel A).
To express the simulated amount of energy used in kcal/km/d, it was necessary to know the net upstream distance travelled from Lower Granite Dam to spawning initiation. That distance (161.7 km) was calculated by subtracting the location of Lower Granite Dam (rkm 173.0) from the most consistently and heavily used spawning site along the Upper Hells Canyon spawning area (rkm 334.7). Irrespective of the short distances and times inherent to tailrace-todam passage (Table 1; Figures 2 and 37) , simulated somatic energy use expressed in kcal/km/d during tailrace-to-dam passage events, by far exceeded simulated energy use for reservoir passage and pre-spawning movement and spawning initiation (Figure 36 ; panel B).
Illustrating the effects of temperature on embryo loss
As demonstrated earlier in this review, the effect of temperature on spawning success is not restricted to death of the adult. The cumulative exposure of the female parent to temperatures above 20 C (a.k.a., DD>20), and the exposure of the fertilized gametes to temperatures above 16.5 C (a.k.a., DD>16.5) might reduce egg to fry survival. The analyses presented in this section were conducted on the PIT-tagged adults that were classified as successful spawners in the previous section. This section accomplishes three objectives:
(1) explore the temporal and spatial characteristics of system-wide exposure to temperatures above 20 C; (2) simulate embryo loss due to DD>20 with an emphasis on the temporal nature of the loss (see Appendix for methods); (3) simulate embryo loss due to DD>16.5 with an emphasis on the temporal nature of the loss (see Appendix for methods).
Temporal and spatial characteristics of systemwide exposure to temperatures above 20 C
The PIT-tagged adults that passed Bonneville Dam early in the run schedule in a given simulation year generally accumulated more system-wide DD>20 units compared to fish that passed the dam late in the run schedule ( Figure 38 ). During four of the five annual simulations, the average PIT-tagged adult accumulated more DD>20 units in the Upper Hells Canyon spawning area than in any other stretch of river ( Figure 39 ). In the 2013 simulation, the average PIT-tagged adult accumulated more DD>20 units in the lower stretch of the river system than in any other stretch ( Figure 39 ). In all simulation years, the average PIT-tagged adult did not accumulate any DD>20 units while swimming through Lower Granite Reservoir (Figure 39 ).
Simulating embryo loss resulting from DD>20
Simulated embryo loss averaged ( § SE) 0.05 § 0.003% in 2010, 1.76 § 0.066% in 2011, 0.77 § 0.033% in 2012, 5.63 § 0.079% in 2013, 1.82 § 0.055% in 2014, and 1.62 § 0.074% in 2015. Simulated embryo loss was highest for the PIT-tagged adults with October simulated spawning initiation dates, declined for fish with simulated spawning initiation dates that fell within the first two weeks of November, and then stabilized around annual values ranging from 0% to % 6.0% depending on year (Figure 40 ).
Simulating embryo loss resulting from DD>16.5
Mean ( § SE) simulated embryo loss was 0 § 0% each year from 2010 to 2014, and 2.5 § 0.4% in 2015. Simulated embryo loss was low because the fish that would have begun to spawn at temperatures above 16.5 C had already been classified as premature and prespawning mortalities during somatic energy use modeling. In 2015, a warm low-flow year, mean simulated embryo loss was 45.8 § 4.1% for the PIT-tagged adults with October simulated spawning initiation dates, declined to 0.4 § 0.1% for fish with simulated spawning initiation dates in November, and then was 0 § 0% thereafter. Illustrating the effects of a future climate scenario on migration and spawning sucess This section uses the somatic energy use model to accomplish two goals. First, the model is used to illustrate how changes in velocity and temperature under a future climate scenario might influence the migration success of the population of Snake River basin fall Chinook salmon. The second goal is to illustrate how changes in velocity and temperature may further affect spawning success measured through fry emergence of fall Chinook salmon that migrate back to the Upper Hells spawning area. As pointed out earlier in the review, the Upper Hells Canyon spawning area has the warmest prespawn and spawning thermal regime, and as such, it would be the most affected by future changes in precipitation and water temperature.
The objectives of this section are to: (1) develop baseline and 2080 climate scenarios to provide approximated flows and temperatures for simulating migration and spawning success; (2) use the 2010-2015 data collected on the PIT-tagged adults to create a data set with a representative ageclass distribution for the simulations; (3) simulate migration and spawning success through fry emergence under the two scenarios and (4) simulate spawner demographics under the two scenarios including age and size class distributions, fecundity, migrant-to-fry productivity, and spawn timing.
The baseline and 2080 climate scenarios
The baseline scenario was created by averaging the mean daily flows and water temperatures across the years 1991-2006 to capture changes in dam operations that were made in association with recovery efforts. The 2006 end point was selected to correspond with the last year in the 1915-2006 study period assessed by the Climate Impacts Group (CIG; Hamlet et al., 2010) . The second scenario used flow and water temperatures derived from model simulations to represent the climate in the Columbia River basin by the year 2080 (hereafter, the 2080 scenario). The 2080 scenario modeled assumed significant greenhouse gas mitigation in the early 21 st century would begin to stabilize gas concentrations and warming by the end of the century. The methods used to create the 2080 scenario flows and temperatures are given in the Appendix.
Compared to the baseline scenario, daily mean flows in the 2080 scenario were higher from about November through mid-April, and lower from about mid-April through October (e.g., Figure 41 ), consistent in pattern with the output of most of the models reviewed by Bilby et al. (2007) . There was a 15.7% increase in annual flow, which falls just under the upper range of the modeling results reviewed by Bilby et al. (2007) .
Much effort has been expended to shape the pattern of the hydrograph to protect fish within portions of the river system that are regulated by dams. It was assumed here that managers would shape the higher flow volumes observed under the 2080 scenario in the same manner they had shaped the baseline flow patterns (see Appendix). The adjusted 2080 flows used in the simulations to approximate flow shaping exhibited two general patterns that were largely affected by how much potential there was for flow shaping at a given location. At locations where flow volume was largely shaped by dam operations, the adjusted 2080 flows were higher than the baseline flows throughout the year (Figure 42 ; panels A, B, and G). At locations where flow was largely affected by the inflow from large, unregulated tributaries located upstream, the pattern observed in Figure 41 persisted (Figure 42 ; panels C, D, E, and F).
Comparisons of the baseline and adjusted 2080 temperatures at primary locations in the river system for which temperature data were needed for subsequent analyses are shown in Figure 43 . Approximated daily mean temperatures were higher than baseline daily mean temperatures at all locations every day of the year. The mean daily difference between baseline and approximated 2080 daily mean water temperatures was 2.0 C for the Snake River locations, and 1.9 C at McNary Dam. Concerning Dworshak Dam and Reservoir operations, it was assumed that the temperature control efforts would continue under the 2080 scenario, but under the operational restrictions observed during the baseline period (see Appendix for additional detail).
The PIT-tag data set
Expansion methods were applied to estimates of adult passage at Lower Granite Dam to estimate the age-class distribution of natural-origin females arriving at Lower Granite Dam during 2004-2015 (for methods Young et al. (2012) ; data provided by B. Young). Overall, 23.7% of the natural-origin females were Age-II, 58.9% Age-III, 17.4% Age-IV and 0.2% Age-V. In this review, the PITtag data collected on the hatchery-origin adults that were successful migrants from Bonneville Dam to Lower Granite Dam (N D 12,347; Table 4) were pooled across the period of years 2010-2015, and fish from each ageclass were randomly selected to create a data set (N D 1,997) composed of Age-II (23.5%), Age-III (59.1%), Age-IV (17.3%) and Age-V (0.1%) adults that were assigned the sex of female.
The 1,997 adults in the randomly drawn PIT-tag data set had been successful migrants from Bonneville Dam to Lower Granite Dam. The approach to making the data set did not account for fish that migrated successfully from Bonneville Dam to McNary Dam, but then failed to migrate to Lower Granite Dam (e.g., Figure 15 and 16). To simulate migration and spawning success rates for comparison between PIT-tagged fish under the baseline and 2080 scenarios, the denominator used to calculate the rates had to include those unsuccessful migrants. The denominators were obtained by dividing 1,997 by the probability of a fish being a successful migrant taken from the equation in Figure 13 . Clarification follows.
The mean temperatures measured in the tailrace of Ice Harbor Dam from 12-Aug to 14-Sep under the baseline (20.5 C) and 2080 (23.0 C) were input into the regression equation in Figure 13 to predict (P.I.) migration success rates that were then expressed as proportions (baseline, 0.955 [0.899,1.000]; 2080, 0.846 [0.715, 0.976] ). To produce starting numbers of fish at Bonneville Dam for the baseline and 2080 scenarios (i.e., the denominators of the success rates), 1997 was divided by the proportion reported above that corresponded to each scenario. The starting numbers were 2,091 and 2,316 for the baseline and 2080 scenarios, respectively.
Migration and spawning success through fry emergence under the two scenarios
Simulated migration success rate from Bonneville Dam tailrace to Lower Granite Dam forebay was 95.5% for fish under the baseline scenario and 84.6% for fish under the 2080 scenario (Figure 44 ). The success rates simulated for the fish from Bonneville Dam tailrace to the completion of spawning were 84.3% and 60.1% under the baseline and 2080 scenarios, respectively (Figure 44 ).
In the case of success rate from the completion of spawning to fry emergence, embryo survival was expressed in adult equivalents, where the adult equivalent for a given successful spawner was equal to 1 minus the sum of the simulated proportions of embryos lost due to the DD>20 and DD>16.5 exposures of that fish. The total number of adult equivalents produced by the successful spawners was 1,744 fish under the baseline scenario, and 1,259 fish under the 2080 scenario. As such, the success rate simulated from arrival in the tailrace of Bonneville Dam to fry emergence was 30.1 percentage points higher for fish under the baseline scenario (83.4%) compared to fish under the 2080 scenario (53.3%; Figure 44 ).
The numbers reported in Figure 44 can be used to calculate success rates separately for each of the three events just covered. Success rates calculated in that manner listed respectively for the baseline and 2080 scenarios were: (a) 95.5% and 84.6% from Bonneville Dam tailrace to Lower Granite Dam forebay, (b) 88.2% and 71.0% from Lower Granite Dam forebay to spawning completion, and (c) 99.0% and 88.8% from spawning completion to fry emergence (does not include mortality attributable to percent fines).
Changes in spawner demographics under the two scenarios
The adult equivalent value for each successful spawner was used to calculate proportions and means in this section of the review. For example, fecundity for a given successful spawner was simulated with Eq. 16 (Table A1) and multiplied by the adult equivalent for that fish. The number of fry produced by that fish was then multiplied by 0.535 (i.e., the mean embryo survival rate for the Upper Hells Canyon spawning area from Figure 25 ) to account for embryo loss due to fines in the substrate.
The simulated age class distributions, fork length distributions, and mean fecundities of the spawners under the two scenarios were similar, whereas there were differences between the scenarios in migrant-to-fry productivity and spawn timing. Simulated migrant-to-fry productivity was 2,513 under the baseline scenario and 1,808 under the 2080 scenario. The primary difference between the spawn timing distributions of fish between the two scenarios was the near absence of effective spawning during the third spawning interval (19-Oct-01-Nov) under the 2080 scenario (Figure 45) , which in the case of the Hells Canyon spawning area, is presently the first interval when spawning is observed (Figure 6 ).
A conceptual model for research and management
Assumptions and limitations
The word "illustrate" was defined in the introduction of this review for good reason. Fish are difficult to study especially in large river systems because they live and move underwater out of sight of human beings almost all of the time. Consequently, the results of large river studies on fish are founded on data collected under extreme limitations that are then used in analyses that are always fraught with assumptions. Those limitations and assumptions need to be diligently considered and balanced against the biological realism of the results.
In terms of biology and hydrology, limitations associated with resources and available technology made it necessary to make numerous assumptions when analyzing and interpreting data in this review. The assumptions made in somatic energy use modeling serve as good examples for discussion. The accuracy and bias of the simulations of migration and spawning success cannot be assessed because there is no known baseline on Snake River basin fall Chinook salmon for comparison. In the case of hydrology, the temperature and velocity simulations were clearly gross oversimplifications of the temperatures and velocities observed along the river system studied. Details on the most influential biologic and hydrologic assumptions and limitations of the somatic energy use model are discussed hereafter.
It was necessary to extrapolate when using Eq. 1 (Table A1) to simulate somatic energy use at temperatures above 20.0 C because handling the fish in the laboratory at temperatures above 20 C in the Geist et al. (2000a) study would likely have killed the fish. It is possible, that the relation between somatic energy use and temperature becomes nonlinear at warmer temperatures meaning the fish either start using energy at a faster rate or the rate of energy use tapers off at some temperature threshold. The model simulated energy use based on mean tailrace temperatures. The actual temperatures encountered by the fish were undoubtedly more complex compared to those used to simulate somatic energy use, but again, the radiotelemetry study by Mann (2007) reviewed earlier provided support for the approach used here. It was assumed that the fish selected velocities equivalent to mean velocities in the tailrace areas and mean cross-sectional velocities in the reservoirs and riverine habitat. It is known that migrating adults orient themselves along the shorelines (Bjornn and Peery 1992) , and it is probable that fish do not consistently select velocities that are equivalent to the mean. Anyone who has ever watched a salmon knows that the fish sometimes orient themselves in current to maximize movement efficiency, while minimizing energy use. That innate characteristic could not be captured in the model without adopting some arbitrary correction factor. Furthermore, the prespawning movement templates used to develop Eqs. 12A-12F were largely based on the observed movements of hatchery-origin fish, and the limited evidence available indicates that hatchery-origin fish swim farther and longer after reaching the spawning grounds compared to natural-origin fish (Connor and Garcia 2006) .
Concerning the hydrological aspects of the model, it was assumed that the mean tailrace temperatures at McNary and Ice Harbor dams provided an adequate representation of the temperatures in reservoirs, ladders, and tailraces. For a time at Lower Granite Dam, Caudill et al. (2013) showed that that assumption was not met with regard to temperature. Velocity models fitted to data collected in John Day and Lower Granite reservoirs were used to predict velocities in the other Columbia and Lower Snake River reservoirs in the lower and middle stretches of the river system, respectively. As clearly indicated in Table A1 , the equations used to simulate tailrace velocities at the eight dams were visually approximated from figures in Rakowski et al. (2010) . It was also necessary to assume that velocities in the ladders were similar to the visually approximated, mean velocities in the tailrace area, even though it is known that ladders are designed to shelter fish from high velocities and facilitate upstream movement and elevation gain.
As with the somatic energy use model, there were limitations and assumptions associated with the embryo loss simulations. In particular, DD>20 of the females that were radio tagged by Mann (2007) explained only 31% of the variation in embryo loss measured at hatcheries for those fish. It was also assumed that embryo loss was linear over the range of DD>20 values measured at the system-wide level. Embryo loss due to the thermal history of the parent could increase in a non-linear fashion Figure 45 . Effective spawn timing distributions simulated for natural-origin fall Chinook salmon females along the Upper Hells Canyon spawning area under the baseline and 2080 scenarios, where N is the total number of fish classified as successful spawners expressed in adult equivalents (see text), and n is the total number of adult equivalents in each spawning interval given above the bars.
in association with the rigors of swimming upstream and spawning the riverine environment upstream of Lower Granite Reservoir. Nevertheless, the embryo loss simulations were useful for illustrating how thermal exposure of the female parent and initial incubation temperature might influence spawning success measured in terms of the production of offspring.
Lastly, it is acknowledged that measures of uncertainty were not reported for the simulations. This review was not written to provide exact predictions of future events. Rather than undertaking the statistical gyrations that are part of many modeling endeavors, it is simply stated here that any honest estimate of uncertainty would be large especially if random process was considered. The standard caveat also applies: research, monitoring, and evaluation should be undertaken to evaluate the veracity of the illustration developed in this review. In practice, such research will be difficult to conduct until technology advances.
Acknowledging the above limitations and assumptions, the assessments of model performance reported earlier supported the use of the simulation results for accomplishing the stated goal of this review. That is, to illustrate how fish behavior, temperature, and velocity under a future climate might influence the migration and spawning success of inland populations of Chinook salmon that inhabit highly developed river systems.
The illustration
This subsection summarizes what the review illustrated in the form of a conceptual model. The model is intended to challenge researchers while providing managers with one alternative future to consider. It is organized around the following topics: (1) migration timing; (2) factors affecting migration and spawning success; (3) the final fate of unsuccessful migrants; (4) the final fate of unsuccessful spawners; (5) the future of water temperature management; and (6) the influence of future climate patterns on abundance, diversity, and spatial distribution of inland populations of Chinook salmon in warm, highly developed river systems.
The conceptual model. Inland fall Chinook salmon from southerly latitudes of the northern hemisphere begin to enter freshwater during the warmest time of the year. Through the process of natural selection, inland anadromous fishes evolved to have an inherently strong migratory disposition. It is quite possible that some inland populations of Chinook salmon do not greatly alter their time of freshwater entry in response to environmental conditions because of the spatial and temporal constraints imposed on them in terms of migration distance and maturation schedule. Such rigidity in migration timing makes it probable that a portion of the population will always be exposed to temperatures that are warm enough to reduce migration and spawning success.
Within the constraints of available energy, the migration and spawning success of inland populations of Chinook salmon in highly developed river systems are jointly determined by inherent migratory disposition, temperature, and velocity. Seasonally warm, sublethal temperatures and localized temperature gradients can elicit short-term disruptions in upstream movement by some of the fish that actively avoid warm water, and then incidentally encounter or actually seek thermal refuge. Extreme temperature gradients can temporarily halt movement altogether as has been shown in fish ladders. Despite such temperature-related disruptions in movement, temperature accounts for little variation in the upstream movement rate of individual fish measured over the entire length of the migration corridor. Migratory disposition overrides exposure to sub-lethal temperatures. Concerning velocity, impounding rivers exposes fish to lower velocities compared to those of riverine habitat. The velocities in the reservoirs are less energetically demanding compared to the historical riverine velocities, thus in that respect the reservoirs formed by the dams have made it is easier for the fish to migrate. Tailrace-to-dam passage, on the other hand, presents the fish with an energetic challenge that is analogous to ascending rapids and water falls that were engineered to reduce energy expenditure. Although the technology for facilitating passage at dams has evolved, tailrace-to-dam passage remains an energetically demanding process that influences migration success.
Under contemporary temperature conditions, a relatively small percentage of the fish stray after migrating to their natal river mouth. Unless the fish had been previously injured, there is little reason to believe that large numbers of the strays die from exhaustion before spawning. Most spawn "out-of-basin." Straying and spawning in the Hanford Reach by fish from the Snake River basin fall Chinook salmon Evolutionarily Significant Unit serve as an example of out-of-basin spawning. The level of out-of-basin spawning increases as the temperature at the mouth of the natal river basin increases. Straying and out-of-basin spawning represents a modest loss in production to the natal or "source" population under present climate conditions. Death due to exhaustion after natal river entry, but before the completion of spawning, is the final fate of a moderate proportion of inland Chinook salmon, especially those fish destined for the warmest spawning areas. Death due to exhaustion is a cumulative, temporal, and spatial process. Comparing simulated somatic energy use expressed as kcal/km/d illustrated the importance of providing the fish with the least stressful, and most efficient, tailrace and ladder passage conditions at dams along the migration corridor when the relatively short distances and times that are inherent to tailrace-to-dam passage are considered. Comparing simulated somatic energy use during tailrace-to-dam passage, reservoir passage, and prespawning movement and spawning events in kcal illustrated the importance of the environment in the upper stretch of river systems to migration and spawning success.
With regard to managing water temperature in the future, any increase in air temperature would make it more difficult to keep water temperatures from exceeding existing management standards. To the extent that the heat-retention properties of some reservoirs contribute to warming, reducing reservoir volumes during certain times might contribute to cooling. For the most part, if it is only possible to release warm water from a particular reservoir, few management options are available short of dam removal or breeching. The fate of dams and reservoirs that warm downstream temperatures will depend on the availability of new energy sources, alternative means for transporting goods and facilitating commerce, the decision process with respect to how to remedy the aging infrastructure of many dams, and perhaps most importantly, whether or not there are changes in societal norms.
Some large storage reservoirs that hold relatively large volumes of cold water might continue to be important to temperature management, or be newly identified for future use in system-wide cooling efforts. Some cool-water reservoirs might have a diminished potential for temperature management as a consequence of past development. Two reservoirs within the river system studied in this review exemplify the preceding statements. Dworshak Reservoir has been managed to maintain maximum temperatures along the middle stretch of the river system close to the 20 o C standard for over two decades. Brownlee Reservoir (Figure 1 ) water is released along with Dworshak Reservoir water to enhance flow conditions in the middle stretch of the river system. Cool water is seasonally available for release from Brownlee Reservoir, but altering current operations to release that cold water would be problematic. It is anoxic, laden with toxins, and carries a heavy nutrient and organic loading (Myers et al., 2003; Fosness et al., 2013) . The reality is that even if the number of reservoirs operated for temperature management at the system-wide level could be increased, the efficacy of the system-wide effort would be largely dependent on future climate patterns.
This review illustrated how the velocity and temperature conditions under an optimistic 2080 climate scenario could contribute to further reductions in the abundance, spatial distribution, and diversity of inland populations of Chinook salmon. Those reductions would come about as follows. The proportion of the fish that seek and use thermal refuge would increase as temperature increased. Eventually the availability of thermal refuge would become a limiting factor to production as the demand for cold water needed for management exceeded the supply. The elevation in temperature would increase out-of-basin straying, increase the amount of energy that the salmon use to migrate and spawn, and ultimately increase pre-spawning and premature spawning mortality in the earliest migrating fish that homed successfully. The warmer temperatures would kill the embryos of earliest surviving spawners either indirectly through the thermal exposure of the female parent, or directly from exposure to lethal temperatures. Embryo loss due to fines in the substrate would continue to be high regardless of time of spawning. There would be a spatial redistribution of spawning among spawning areas with a shift to the coolest of rivers. In the river system studied, a shift might be observed from the Upper Hells Canyon spawning area to Clearwater River lower reach. Such a spatial redistribution would not offset the numerical loss in the source population as a whole because a moderate portion of the loss will come from out-of-basin straying. The end result being that it would become more difficult for fish management actions alone to recover conservation-reliant, inland populations of Chinook salmon.
Closing remarks and segue. This review is the first of a trilogy of reviews written to provide a comprehensive history of Snake River basin fall Chinook salmon to inform future research and management efforts. Completing it provided a background illustration of adult behavior and survival to form a foundation for the second and third reviews. The second review will provide a background illustration on the topics of juvenile life history, behavior, and survival. The final review will chronicle the recorded history of Snake River fall Chinook salmon from the 1880s to present. It will detail the changes in abundance, spatial distribution, and management of the population from its pristine state, through a period of decline, and lastly to its current conservation-reliant status. When completed, the trilogy will provide insight to the following questions. Does fish management repeat itself in the same manner as other aspects of human history-and if so-to what end?
Bonneville (Table A1 ) was used to predict the weight of each fish at Bonneville Dam. The water temperature for a given fish used for input to Eq. 1 was the mean temperature measured in the tailrace of McNary Dam between the detection dates of that fish at Bonneville and McNary dams (CBR, 2017) .
Swimming speed was simulated separately for tailrace-to-dam and reservoir passage events as fish speed (cm/s) plus water velocity (cm/s). Keefer et al. (2004) found that an average of 38% of the total time radiotagged adults spent traveling between the Bonneville Dam and McNary Dam ladder exits was spent passing from the downstream end of the tailraces, to the ladder exits of The Dalles, John Day, and McNary dams. The total travel time expressed in seconds measured on each PIT-tagged adult between dates of detection in the Bonneville and McNary dams ladders was multiplied by 0.38 to simulate a tailrace-to-dam passage travel time, which was then increased by 72,000 seconds to account the time spent passing from the tailrace of Bonneville Dam to the Bonneville Dam ladder exit (after Keefer et al., 2004) . Fish speed during tailrace to dam passage was then calculated as the sum of the total tailrace and ladder distances at Bonneville, John Day, The Dalles, and McNary dams (Table 1 ; but expressed in cm) divided by the tailrace-to-dam travel time of each fish. Equation 3 (Table A1 ) was used to simulate the tailrace-to-dam passage velocities from the mean flow measured in the tailrace of McNary Dam between the detection dates of a given fish at Bonneville and McNary dams (e.g., Figure 5 ).
The remaining 62% of the travel time measured between the detections dates of a PIT-tagged adult at Bonneville and McNary dams represented the reservoir travel time for that fish (after Keefer et al., 2004) . Fish speed during reservoir passage for a given fish was calculated as the combined lengths of Bonneville, The Dalles, and John Day reservoirs (Table 1 ; but expressed in cm) divided by the reservoir travel time of that fish. Eq. 4 (Table A1 ) was used to simulate the reservoir passage velocities from the mean flow measured in the tailrace of McNary Dam between the detection dates of a given fish at Bonneville and McNary dams (e.g., Figure 5 ).
The weights, swimming speeds, and water temperatures were then input to Eq. 1 to simulate oxygen consumption for each PIT-tagged adult from Bonneville Dam tailrace to McNary Dam forebay separately for the tailrace-to-dam and reservoir passage events. Simulated oxygen consumption for the two events was summed and converted to energy use in kcal/kg/ d and kcal (after Geist et al. 2000a ; see footnotes 1 and 2; Table A1 ).
To place each PIT-tagged adult into a migration success class it was necessary to simulate somatic energy content at Bonneville Dam and a somatic energy threshold for death. Somatic energy content at Bonneville Dam was simulated for each fish (Eqs. 5 and 6; Table A1 ). Then the somatic energy threshold for death was simulated for each fish (Eq. 7; Table A1 ). Subtracting simulated somatic energy threshold for death from simulated somatic energy content at Bonneville Dam provided a measure of the energy available for successful migration, spawning site selection, and spawning for each fish and is referred to as "useable somatic energy."
It was also necessary to account for the somatic energy used for gonadal development. Bowerman et al. (2017) found that summer Chinook salmon females destined for a spawning area located 920 km upstream of Bonneville Dam used 14% of their somatic energy content measured at Bonneville Dam for ovarian development. Summer Chinook salmon migrate longer distances and spawn later after freshwater entry compared to fall Chinook salmon, thus it was assumed that summer Chinook salmon have less developed ovaries at the time of passage at Bonneville Dam. As such, fall Chinook salmon likely would use less than 14% of their somatic energy content simulated at the time of passage at the dam for ovarian development. The percentage of the somatic energy content at the dam that was eventually used by each PIT-tagged adult was simulated as follows. Bowerman et al. (2017) found that the average summer Chinook salmon had a travel time of 37 d from Bonneville Dam to the spawning grounds. The value of 0.14 (i.e., 14.0%) was divided by 37 d to determine the proportion of somatic energy used per day (i.e., 0.003784) for ovarian development. The mean number of days it took the radio-tagged fish in the Connor and Garcia (2006) The percentage of the simulated somatic energy content used for ovarian development for a given PIT-tagged adult was then multiplied by the somatic energy content that was simulated at Bonneville Dam for that fish. The resulting value for the simulated total amount of energy used for ovarian development was apportioned among modeling stages based on the detection history of the fish. For fish that were detected at Bonneville, McNary, and Lower Granite dams, travel time to spawning initiation was simulated by use of Eq. 8 (Table A1) Then for each fish, the proportion of that total travel time spent during modeling Stages I, II, and III (up to the point of spawning site selection) was determined. Those proportions were used multiplicatively to apportion simulated somatic energy used for ovarian development among the three modeling stages. In the cases of the fish that were detected at Bonneville and McNary dams, but not at Lower Granite Dam, the annual mean percentages of the simulated somatic To simulate somatic energy use during Stage II, average percentages of the travel time spent in tailrace-todam (39%) and reservoir reaches (61%) were used to apportion the observed travel times of the PIT-tagged fish between Ice Harbor Dam tailrace and Lower Granite Dam forebay (from Keefer et al., 2004) . The total tailrace, ladder, and reservoir distances are given in Table 1 of the main body of the review. The daily mean flows and temperatures were measured in the tailrace of Ice Harbor Dam (CBR, 2017) . Snake River-specific regression equations were fitted to simulate tailrace and reservoir velocities (Eqs. 9 and 10A-10O; Table A1 ). The sum of simulated somatic energy use values from Stage I and II modeling for a given fish was then subtracted from the simulated amount of useable somatic energy for that fish at Bonneville Dam to classify the fish as a successful or unsuccessful migrant to Lower Granite Dam forebay. (Figure 26) . The temporal and spatial movements of every PIT-tagged, successful migrant that passed Lower Granite Dam during 2010-2015 were not monitored. To fill that gap, the data collected by Connor and Garcia (2006) were used to fit annual regression equations for simulating energy use of each PIT-tagged adult from Lower Granite Dam forebay to spawning initiation (hereafter, pre-spawning energy use). In brief, the energy expenditure of each of the 36 fish studied by Connor and Garcia (2006) was determined from estimates of swimming speeds, water velocities, and temperatures that would have been experienced under year-specific flows and temperatures during 2010-2015. These are referred to annual pre-spawning movement templates, which were then used to fit regression equations to predict pre-spawning energy use of PIT-tagged adults based on their date of passage and estimated weight at Lower Granite Dam. This assumes that the pre-spawning movement patterns and energy expenditure of the Connor and Garcia (2006) fish are representative and applicable to the PIT-tagged adults. Details follow.
The first step in the development of the pre-spawning energy use regression equations was to create annual (i.e., 2010-2015) pre-spawning movement templates representing the velocity conditions a fish would experience within those years for each of the 36 fish that were radiotagged and tracked by Connor and Garcia (2006;  e.g., for 2010, Table A2 ). The template approach assumed that the 36 fish would have the same movement behavior under those years, as they did during the years they were tagged and tracked by Connor and Garcia (2006) . Annual distance-weighted water velocities and temperatures between tracking events were entered into the templates. Velocities for Lower Granite Reservoir were simulated with Eqs. 10A-10O fitted for 16 velocity transects (Table A1) , for the zone where the reservoir transitions into riverine habitat with Eqs. 11A-11F fitted for 5 velocity transects (Table A1) , for the lower reaches of the Clearwater, Grande Ronde, and Salmon rivers with Eq. 11A (Table A1) , and for the stretch of the lower Snake River extending from the upper end of the transition zone to Hells Canyon Dam with a 1-D model (Borden and Manning, 2011 ) that simulated mean cross-sectional velocities at 1,124 transects.
The radio-tagged fish used to create the templates often moved downstream after making upstream movements (e.g., 9-Oct to 11-Oct; Table A2 ). In such cases swimming speed was set at fish speed. The radio-tagged fish also commonly held at a tracking location (e.g., 05-Oct to 09-Oct; Table A2 ). The velocities at the holding location were sometimes high (e.g., > 3 m/s) because the last velocity transect of the 1-D model that the fish passed prior to holding was located across or near a rapid. When a fish held position, a velocity of 80 cm/s was assigned to the movement template (e.g., 09-Oct; Table A2) after Raleigh et al. (1986) . The information in each pre-spawning movement template along with the simulated weight at Lower Granite Dam passage (see footnote 1 in Table A2 ) of each radio-tagged fish was used to predict O 2 consumption (Eq. 1; Table A1 ), and energy use (e.g., Table A2 ).
Once the 36 pre-spawning movement templates were created for each of the 6 years, annual pre-spawning energy use regression models were fitted from day of passage and simulated weight of the radio-tagged fish at Lower Granite Dam (Eqs. 12A-12F, Table A1 ). Those predictor variables were selected a priori because they were obtainable for the PIT-tagged adults at Lower Granite Dam. The weight of a given PIT-tagged adult at Lower Granite Dam for input was calculated by subtracting % 0.5 kg (0.002279 kg/km) from the weight of that fish at McNary Dam. Fish were classified as unsuccessful spawners if the simulations indicated that they expended all of their useable somatic energy while making prespawning movements. Those unsuccessful spawners are referred to here as "pre-spawning mortalities," as it was assumed that they did not survive to select a spawning site, begin redd construction, or expel any eggs.
To simulate the date of spawning initiation of each PIT-tagged adult that was not classified as a pre-spawning mortality, the travel time that was previously simulated to apportion the somatic energy used for ovarian development (i.e., Eq. 8; Table A1 ) was added to the day of passage at Lower Granite Dam. The next two steps in Stage III of the model were simulating somatic energy use during the completion of redd construction and spawning for a given fish, and then adding that amount of energy to the simulated amount of pre-spawning energy used by that fish. Jonsson et al. (1991) measured energy use during spawning of Atlantic salmon (Salmo salar) and reported the average ( §SD) female used 299 § 58 kcal/kg of somatic energy to spawn. To simulate the weight of each fish at the time of spawning site selection, the energy use rate of 0.002279 kg/km was multiplied by 332 km (the average distance the radio-tagged fish swam) and the product (% 0.8 kg) was subtracted from the simulated weight at Lower Granite Dam of each fish. That weight was then multiplied by 299 kcal to calculate energy use from spawning initiation to the completion of spawning.
To classify a particular fish that was simulated to have initiated spawning as a successful or unsuccessful spawner, the sum of the simulated somatic energy use values from Stages I, II, and III of the model was subtracted from simulated useable somatic energy content at Bonneville Dam. If the difference was positive the fish was then classified as a successful spawner, otherwise it was classified as an unsuccessful spawner.
It was assumed that successful spawners had expelled all of their eggs (i.e., were 100% spent), completed redd construction, and had the remaining energy needed to guard their redds. At this point in the simulations, it was also assumed that the fish classified as unsuccessful spawners had initiated redd construction, but expelled only a portion of their eggs before dying. Unsuccessful spawners that fell into that category are referred to here as "premature spawning mortalities."
To depict the role of cumulative temperature exposure, as the PIT-tagged adults swam from the lower to upper stretch of the river system, on spawning success classification, it was necessary to simulate cumulative temperature exposure of the individual fish between passage at Lower Granite Dam to spawning initiation or death. The data in the pre-spawning movement templates were used to fit regression Eqs. 13A-13F (Table A1 ). Under the 2010-2015 temperature regimes, simulated cumulative temperature exposure upstream of Lower Granite Dam decreased as day of passage at the dam became later (see main body).
Inputting the passage day of year observed for each PIT-tagged adult that successfully migrated to Lower Granite Dam into Eqs. 13A-13F provided annual, fish-specific simulations of cumulative temperature exposure between passage at Lower Granite Dam and spawning initiation or death. The annual averages calculated from those individual simulations were added to the annual averages calculated for the PIT-tagged adults between Bonneville and McNary dams, and McNary and Lower Granite dams, to calculate the total of the mean temperature exposures (hereafter, annual cumulative temperature exposure indices).
DD>20 simulations
One limitation of the Mann (2007) analysis was that it was spatially restricted. No information was available on dam passage timing or thermal exposure of the radio-tagged females downstream of Ice Harbor Dam. Additionally, the radio-tagged females were maintained in artificially cool (% 12.0 C) well water at the hatchery, and were never exposed to the ambient temperatures within the warmer spawning areas upstream of Lower Granite Reservoir. These methods were developed to build on the Mann (2007) analysis and illustrate how system-wide temperature exposure from Bonneville Dam to the Upper Hells Canyon spawning area measured in terms of DD>20 might influence spawning success as measured by embryo survival. It was necessary to (1) increase the spatial representation of the regression equation developed by Mann (2007) , and (2) explore the temporal and spatial characteristics of system-wide exposure to temperatures above 20 C and the potential effect on embryo mortality.
To extend the spatial representation of the Mann (2007) analysis, a regression model was fitted to predict day of passage at Bonneville Dam from day of passage at Ice Harbor Dam (Eq. 14; Table 1 ). Eq. 14 was then used to predict day of passage at Bonneville Dam for each of the radio-tagged females Mann (2007) used in his embryo loss analysis (Table 5) . Next, temperature data collected in the tailrace of McNary Dam were used to calculate DD>20 for each radio-tagged female between its predicted date of passage at Bonneville Dam and observed day of passage at Ice Harbor Dam (Table 5 ). The sum of the DD>20 values for the radio-tagged fish in the lower and middle stretches of river (Table 5) were then used to fit Eq. 15 (Table A1 ) for simulating embryo loss.
Next, the cumulative DD>20 for each PIT-tagged adult classified as a successful spawner had to be determined for use in Eq. 15. Detection dates at Bonneville, Ice Harbor, and Lower Granite dams and temperature data collected in the tailraces of McNary and Ice Harbor dams were used to calculate DD>20 for these fish as they swam through the lower and middle stretches of the river system. Values of DD>20 for each PIT-tagged adult after passage at Lower Granite Dam had to be simulated because the movement of the fish was not monitored in the upper stretch of the river system. Each PIT-tagged adult had a known date of passage at Lower Granite Dam that marked entry into Lower Granite Reservoir. That date was used earlier in this review to simulate the number of days each PIT-tagged adult was at large between passage at the dam and the initiation of spawning. Thus, each PITtagged adult had a Lower Granite Reservoir entry date and a simulated spawning date in Upper Hells Canyon. The exit date from the reservoir, the entry date into and exit date from Lower Hells Canyon, and the entry date into Upper Hells Canyon were not known. That information was obtained through analysis conducted on a subsample of the radio-tagged fish used to create the pre-spawning movement templates. Of those fish, 18 swam directly upstream to the Upper Hells Canyon spawning area. On average ( § SD), those 18 fish spent 4.1 § 4.0%, 10.0 § 4.9%, and 85.8% § 8.3% of their total time at large between passage at Lower Granite Dam and the initiation of spawning, in Lower Granite Reservoir, Lower Hells Canyon, and Upper Hells Canyon, respectively. Those location-specific percentages were used to simulate the entry and exit dates needed to calculate DD>20 for each PIT-tagged adult as described in the following example.
Fish tagged with PIT tag 3D9.1C2C4125A5 passed Lower Granite Dam and entered Lower Granite Reservoir on 21-Sep-2013. The simulated number of days at large between dam passage and spawning initiation was 47 for that fish. Thus, its simulated date of spawning was 08-Nov-2013. Partitioning the 47d by the percentages of time spent in each location (described above) resulted in % 2 d being spent in Lower Granite Reservoir, % 5 d being spent in Lower Hells Canyon, and % 40 d being spent in Upper Hells Canyon. Location-specific, daily mean temperature data collected with thermographs were then used to calculate DD>20 for the time the fish was in each reach. System-wide DD>20 was calculated by summing the lower stretch, middle stretch, Lower Granite Reservoir, Lower Hells Canyon, and Upper Hells Canyon DD>20 values.
To simulate embryo loss at the system-wide level, the system-wide DD>20 values for the PIT-tagged adults were input to Eq. 15. Some extrapolation was required because the system-wide DD>20 values included temperature exposure in the upper stretch of the river system. The intercept of Eq. 15 (1.86%) was subtracted from each simulated value of embryo loss to account for embryo loss that was not attributable to DD>20. To evaluate the potential association between time of spawning and embryo loss due to the thermal history of the female parent, the simulated values of embryo loss of the PIT-tagged adults were plotted against the simulated dates of spawning initiation of those adults.
DD>16.5 simulations
To simulate embryo loss affected by DD>16.5, daily mean temperature in the Upper Hells Canyon spawning area was determined for 4 days (after Reed 1901) starting on the simulated date of spawning initiation of each PIT-tagged adult classified as a successful spawner by the somatic energy use model. Embryo loss (%) was then simulated for each of those PITtagged adults by decreasing embryo survival by 10.9 percentage points for every 0.1 C increase in DD>16.5 (after Geist et al., 2006) . 2080 climate scenario simulation flows Hamlet et al. (2010) used 9 Global Climate Models (GCM) to simulate precipitation and air temperature as the predictors for Northwest precipitation and air temperature. In this review, precipitation and air temperatures downscaled from Hamlet's GCM simulations with the hybrid delta downscaling method were used to simulate runoff and air temperature in 2080. Two of the historical data sets from Hamlet et al. (2010) were used: (1) combined monthly average total runoff and base flow for selected watersheds within the Columbia River basin expressed as an average depth (inches); and (2) monthly average air temperatures for those basins ( F converted to C). The historical and 2080 data sets were downloaded from the CIG web portal (http://warm.atmos.washing ton.edu/2860/products/sites/).
The combined monthly average total runoff and base flows were used to simulate daily mean flows under the 2080 climate scenario for the following locations:
(1) Hells Canyon Dam to the Imnaha River mouth (2) Imnaha River (3) Salmon River (4) Grande Ronde River (5) Clearwater River upper reach (6) Dworshak Dam (7) Palouse River (8) Tucannon River (9) Priest Rapids Dam (10) Yakima River. The daily mean flows for the above locations were simulated as described in the following example for the section of Upper Hells Canyon between Hells Canyon Dam and the Imnaha River mouth. First, each historical combined monthly average total runoff and base flow was divided by the average, minimum, and maximum combined monthly average totals taken from the GCM B1 simulations for 2080 to calculate three adjustment statistics per month (Table A3 ). The mean daily flow in the baseline data set was then divided by the average, minimum, and maximum adjustment statistics that corresponded to the month during which the daily mean flow was observed. That step was applied to every day of the year to produce the 2080 flow scenario for Upper Hells Canyon from Hells Canyon Dam to the Imnaha River mouth.
The 2080 simulation flows were shaped, as described by example here, for Upper Hells Canyon. The simulated daily mean 2080 simulated flows were divided by 0.864, where 0.864 was calculated by dividing the mean annual baseline flow of 17,937 CFS by the mean annual 2080 simulated flow of 20,758 CFS. This provided a new set of daily mean 2080 simulated flows referred to as Qsimadj.
The simulations flows under the 2080 climate scenario had to be calculated by using a combination of the simu-lation flows from the 10 locations described above. Such locations included:
(1) Upper Hells Canyon from the Imnaha River mouth to the Salmon River mouth (2) Lower Hells Canyon from Salmon River mouth to the Grande Ronde River mouth (3) Lower Hells Canyon from Grande Ronde River mouth to Clearwater River mouth (4) Priest Rapids Dam to Yakima River mouth (5) Yakima River at Kiona (6) McNary Dam. The equations and calculations are given in Table A4 .
climate scenario simulation temperatures
The historical monthly average air temperatures predicted from historical meteorological data and the GCM models by Hamlet et al. (2010) were used to approximate daily mean water temperatures for the 2080 scenario as described in the following example for Upper Hells Canyon. This was necessary because historical data were only available on a monthly time-step but data on a daily time-step were required for this analysis. First, historical monthly average air temperatures reported for the Snake River basin upstream of Hells Canyon Dam were regressed against baseline monthly average water temperatures measured in Upper Hells Canyon during 1991-2006. Regression models were fitted separately for the months January-July and August-December to best capture the general increase in temperatures during the former period, and the general decrease in temperatures during the latter period (Table A5) . Next, the regression models were used to predict baseline monthly average water temperatures from the historical monthly average air temperatures (Table A6 ). The average, minimum, and maximum 2080 monthly average air temperatures were then taken from the output of GCMs downscaled with the hybrid delta method (Table A6 ). Those three values of 2080 monthly air temperatures were input to the corresponding January-July and August-December regression equations to predict 2080 monthly average water temperatures (Table A6 ). Three sets of adjustment statistics were calculated for each month as shown in Table A6 . Average daily mean and a range of water temperatures for the 2080 scenarios were then estimated as follows. The daily mean water temperatures in the baseline data set were divided by the adjustment statistics that corresponded to the months Table A3 . The historical combined monthly average total runoff and base flows for the Snake River basin upstream of Hells Canyon Dam expressed as an average depth (inches); the average, minimum, maximum value of that combined monthly average from the GCM for the B1 greenhouse gas scenario; and the adjustment statistics (historical divided by the average, minimum, or maximum values) for each month used to adjust the 2080 daily simulation flows for expected hydropower operations for Upper Hells Canyon from Hells Canyon Dam to the Imnaha River mouth. Details are given in Hamlet et al. (2010) during which the daily mean temperatures were observed. Pattern matching, as described for the 2080 daily flow adjustment, was deemed unnecessary for the 2080 water temperature. Presently, the only confirmed and tested source for cooling temperature in the river system is the release of Dworshak Reservoir water from Dworshak Dam. Temperature control operations at Dworshak Dam are shaped around a variety of restrictions, and as such, decreasing the release temperature below the 1991-2006 baseline period would not be a simple matter. Moreover, it is quite possible that the thermal stratification observed in the reservoir would change if precipitation and air temperature patterns change. Modeling such patterns was beyond the scope of this review. Table A5 . Information on regression equations fitted to predict baseline monthly average water temperatures at the locations required for simulating migration and spawning success of Snake River fall Chinook salmon within the Upper Hells Canyon spawning area from historical monthly average air temperatures predicted from meteorological data and the GCM models by Hamlet et al. (2010) Table A6 . The historical monthly average air temperatures ( C) predicted from meteorological data and the GCM models by Hamlet et al. (2010) for the Snake River basin upstream of Hells Canyon Dam, baseline monthly average water temperatures ( C) measured in Upper Hells Canyon during 1991-2006, and the baseline monthly average water temperatures in Upper Hells Canyon predicted with the January-July and August-December regression equations in Table A5 . The average, minimum, maximum values of the 2080 monthly average air temperatures were taken from the GCMs using the B1 greenhouse gas scenario and used to predict 2080 monthly average water temperatures with those regression equations. Adjustment statistics (predicted baseline monthly average water temperatures divided by the predicted 2080 monthly average water temperatures) are also given. Details are reported in Hamlet et al. (2010) . The data were downloaded from http://warm.atmos.washington.edu/2860/products/sites/?site D 4010 (Available May 2017).
From the GCM models 
